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Abstract
3’-phosphoadenosine 5’-phosphate (PAP) was recently proposed as a new
chloroplast retrograde signal that accumulates during drought stress. PAP is a
by-product of secondary sulfur assimilation, generated by
SULFOTRANSFERASES (SOTs) upon transferring of the sulfate group from
3’-phosphoadenosine 5’-phosphosulfate (PAPS) to sulfate acceptor molecules.
PAP is efficiently degraded by the SAL1 phosphatase into inorganic
phosphate and adenosine monophosphate (AMP). Consequently, PAP levels
are normally kept at very low during plant development. Constitutive
over-accumulation of this retrograde signal resulted in plants with pleiotropic
altered phenotypes as demonstrated by the sal1 mutant in Arabidopsis,
namely improved drought tolerance, altered rosette morphology and delayed
development. These multifaceted altered phenotypes of sal1 correlate well
with the many transcriptional changes, which are mainly due to the inhibition
of 5’- 3’ EXORIBONUCLEASES (XRNs) by PAP. However, the details of
downstream changes that links SAL1-PAP-XRN to the many altered
phenotypes of sal1 remains poorly understood. This thesis investigates the
possibility of conferring drought tolerance to plants by manipulating the
SAL1 gene expression with minimal negative effects on growth, while
unraveling the signalling pathway(s) contributing to sal1 altered development
and drought tolerance.
I hypothesised that PAP accumulation at early developmental stages is
detrimental for plant growth and development while its accumulation at later
stages of development or prior to drought stress is beneficiary for conferring
plant drought tolerance. To test this hypothesis, two different strategies for
easy manipulation of SAL1 expression were attempted: inducible silencing of
SAL1 in wild-type Arabidopsis and inducible complementation of SAL1 in
the sal1 mutant background. Surprisingly, efficient silencing of SAL1 could
not be achieved even with a strong constitutive promoter driving the
expression of SAL1-hair-pin RNA interference (hpRNAi) or SAL1-artificial
microRNA (amiRNA) and inducible-silencing was similarly inefficient. On
the other hand, inducible complementation of SAL1 in the sal1 mutant
background allowed for better manipulation of SAL1 expression and PAP
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levels. This provides the platform for exploring the engineering of drought
tolerant plants without compromising plant development by manipulating
PAP levels via regulating SAL1 expression.
Since hormones are key regulators of plant development, the possible
interaction between PAP and hormone signalling was investigated to study
the basis of sal1 developmental phenotypes. Significantly, a comprehensive
hormonal profiling showed reduced gibberellins (GAs) content in sal1 and
improved growth rate was achieved when sal1 was treated with GAs and
brassinosteroids (BRs), which are interdependent hormones that promote
growth. Additionally, sal1 germination was hyper-responsive to treatments
with abscisic acid (ABA) and/or GAs biosynthetic inhibitor - paclobutrazol
(PAC). Furthermore, this observation can be reproduced by feeding wild-type
seeds with PAP in addition to ABA and PAC, suggesting that PAP could act
as secondary messenger for both GAs and ABA signalling. Meanwhile, upon
taking into consideration both the findings of this thesis and literature
available, it is proposed that SAL1-PAP-XRN stabilises DELLA accumulation
by reducing transcription of key GA biosynthetic genes, allowing the DELLA
protein to interact and affect the key transcription factors of light and other
hormonal signalling pathways such as BRs, jasmonic acid (JA) and ethylene.
It is likely that the overall interactions and feedback between 1) altered sulfur
metabolism, 2) altered hormonal homeostasis and 3) inhibitory effects of PAP
on XRNs and other nucleotide-binding proteins eventually culminate in the
pleitropic developmental phenotype and drought tolerance of sal1.
The ultimate application from this project will be to engineer drought
tolerance in Brassicaceae by manipulating the SAL1-PAP pathway. This thesis
has generated the tools that will aid in the above engineering and uncovered
the potential connections between the sal1 altered phenotypes and
SAL1-PAP-XRNs, linking chloroplast signalling to plant hormonal
homeostasis in regulating plant development and drought tolerance.
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Chapter 1
Introduction
1.1 Overview
When precipitation is absent or deficient for an extended period of time - a
scenario commonly known as drought, plant survival is threatened. Plants are
sessile and this renders them to be one of the most vulnerable organisms
during drought. Although it is still being debated whether drought has
become more frequent or widespread, it is accepted that drought has
intensified and is prolonged when it strikes due to global warming (Trenberth
et al., 2014). In order to improve plant survival during drought, we first need
to better understand how drought is sensed or perceived, and what the
response mechanisms are.
The Arabidopsis sal1 mutant studied in this thesis is a drought tolerant
mutant with many other altered phenotypes such as delayed development
and altered rosette morphology. Consequently, it is not surprising that six
independent mutant screens, screening for various specific altered
phenotypes, around the world have eventually accounted the phenotypes to
mutations in the SAL1 gene (Xiong et al., 2001, 2004; Wilson et al., 2009;
Robles et al., 2010; Rodríguez et al., 2010; Zhang et al., 2011). SAL1 is a
phosphatase that preferentially degrades 3’-phosphoadenosine 5’-phosphate
(PAP), which is a by-product of sulfur assimilation (Estavillo et al., 2011).
Despite knowing the function of SAL1 and having multiple independent
characterizations of sal1, the mechanisms behind the sal1 altered phenotypes
are still not fully understood. This study explores the potential role of and
mechanisms behind PAP in regulating Arabidopsis drought responses and
development.
This introduction will cover the following four topics to facilitate the
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reader in appreciating the significance of the findings in this thesis. Section
1.2 introduces the impacts of drought on plants, particularly on
photosynthesis, reactive oxygen species production, turgidity and transport of
nutrients. Section 1.3 explores the sensing of drought and the resulting
common responses in plants, using discoveries from the model plant
Arabidopsis thaliana to illustrates some specific examples. Meanwhile, the key
growth-regulating hormones in Arabidopsis such as auxins, brassinosteroids
(BRs) and gibberellins (GAs) are described in Section 1.4, mainly focusing on
the respective biosynthesis and signalling components characterised to date.
Section 1.5 discusses the pleiotropic effects of the loss of function of the SAL1
gene in Arabidopsis, detailing on what is known about SAL1 and PAP and
what is yet to be learnt. Finally, the aims of my PhD research will be listed at
the end.
1.2 Impact of drought on plants
Plants are autotrophs that can utilise light energy from the sun to power their
life via the process of photosynthesis. To complete the lifecycle, plants need to
grow, generally from seeds to seedlings, and eventually to adult plants, which
are capable of reproducing to propagate themselves to the next generation.
The growth processes are energy demanding and they require sufficient light
energy and nutrients to take place. As water is critical for photosynthesis, cell
expansion and functioning, drought conditions can affect all the aspects that
govern plant growth and survival.
1.2.1 Photosynthesis
Photosynthesis is a process that converts light energy into chemical energy,
which can be subsequently utilized by living organisms for cellular processes.
In plants, photosynthesis occurs in the chloroplast, and it involves three main
stages: capturing of light energy, transferring of energy via electron transport,
and storing energy in chemical form. Each of these steps will be discussed
briefly in the remainder of this section, and further details on photosynthesis
are covered in a recent review by (Eberhard et al., 2008). Figure 1.1
summarises the mechanisms of photosynthesis elaborated below.
Chlorophylls are pigments that absorb sunlight in the ranges of blue light
and red light wavelengths, but not the green wavelength of the light
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spectrum. These chlorophyll pigments, together with the other plant
pigments are present in the light-harvesting complexes and reaction centre
that form the multimeric membrane protein complexes in the thylakoid
membrane, known as the photosystems. When sufficient energy is absorbed,
an electron will be transferred from chlorophyll to electron acceptor
molecules such as the plastoquinone (PQ) for Photosystem II and ferrodoxin
(Fd) in case of Photosystem I. At Photosystem II, the special chlorophyll in
the reaction centre that lost its electron is unstable and an electron
replacement is obtained from water molecules, which are the ultimate
electron donors that fuel this energy conversion mechanism. On the other
hand, plastocyanin (PC) is responsible to deliver an electron obtained from
Photosystem II via cytochrome b6f to replace the energised electron in
Photosystem I. The sequential transfer of the energy by the photosystems via
the electron transport chain (ETC) is light-dependent and hence it is termed
“Light Reaction” of the photosynthesis.
The electron flow in the Light Reaction continues to feed into the Calvin
cycle via the reduced form of nicotinamide adenine dinucleotide phosphate
(NADPH), which receives an electron from Photosystem I through the Fd.
Since the electron flow in the Calvin cycle is light-independent, it is also
known as the “Dark Reaction” of photosynthesis. The electrons transferred
from NADPH into the Calvin cycle are incorporated by the RuBisCo enzyme
together with carbon dioxide (CO2) to produce sugar molecules. The sugar
molecules are the temporary energy storage form in plants and will either be
broken down to generate adenosine triphosphate (ATP)- the energy currency
of living organisms, or converted to starch for longer term storage (Tiessen
and Padilla-Chacon, 2013).
During drought, water availability is reduced and one of the rapid but
temporary plant responses to prevent further water loss from the plants is to
close their stomata. Stomata are pores on the leaves that allow gas exchange
between the plant cells and the environment (Pillitteri and Torii, 2012). As a
result of stomatal closure, CO2 concentration at the carboxylation site and
water availability are reduced. The reduction of substrates impairs
photosynthesis (Flexas and Medrano, 2002). Consequently, sugar production
from photosynthesis is reduced and if this is not sufficient to fuel the cellular
activities, other macromolecules such as starch, proteins and lipids present in
the plant cells will be catabolised to generate ATP (McDowell, 2011). This will
halt the growth of plants and eventually cause fatality due to starvation.
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Therefore, prolonged drought can eventually result in starvation of plants as
access to the important substrates of photosynthesis are limited.
1.2.2 Reactive oxygen species production
Despite being an important process in plants, photosynthesis is also known
for its inefficiency in producing sugars even under optimal growth condition.
Sometimes, oxygen (O2) is used as electron acceptor instead in side reactions
(Tripathy and Oelmüller, 2012). Additionally, the RuBisCo enzyme can accept
O2 rather than CO2 in the so-called “oxygenation” reaction to produce
glycolate, which will be transported to the peroxisomes and undergo
photorespiration (Kebeish et al., 2007). As a result of these, reactive oxygen
species (ROS) such as hydrogen peroxide (H2O2), singlet oxygen (1O2), and
superoxide (O2−) are produced (Cruz De Carvalho, 2008).
The various ROS are derived from neutral O2 molecules. For example,
O2− is produced when O2 accepts an electron from the ETC, and this process
is termed the Mehler reaction (Mubarakshina et al., 2010; Park et al., 2011).
The O2− will be disproportionated either spontaneously or via the catalysis
by SUPEROXIDE DISMUTASE (SOD) at an extremely rapid rate into H2O2
and O2 (Mubarakshina et al., 2010). H2O2 will be reduced to form water with
the aid of catalases or peroxidases. The presence of both H2O2 and O2−
simultaneously is undesirable for plants as a new highly toxic ROS, the
hydroxyl radical (OH•), can be generated through Haber-Weiss reaction in the
presence of iron (Bowler et al., 1992). On the other hand, 1O2 is produced
when O2 accepts excitation energy from the highly excited chlorophyll in the
photosystems. This extra energy of 1O2 can be absorbed by carotenoids,
which are pigment molecules with multiple double bonds, to form various
volatile derivatives such as β-cyclocitral (β-cyc) (Ramel et al., 2012).
Being unstable as a result of gaining extra electrons or energy, ROS are
capable of attacking surrounding molecules, such as lipids, proteins, and
nucleic acids, by transferring the extra electron or energy to these abundant
cellular molecules (Park et al., 2011). Consequently, ROS produced under
normal growing conditions (or non-stress conditions) are kept at very low
levels via the mechanisms described above.
Various stress conditions can trigger an increase in the production of ROS
in plant cells (Dat et al., 2000). For example, during drought stress, the
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Figure 1.1 – Photosynthesis in the chloroplast - from water and carbon dioxide
to sugar. The main constituents of chloroplasts are the thylakoid stacks or grana
and stroma, the fluid space between the grana and chloroplast membrane.
Photosynthetic machineries are embedded at the thylakoidal memebrane of the
chloroplasts. In the presence of light, the light harvesting complexes surrounding
the photosystems will be activated and when sufficient energy is absorbed, an
electron will be promoted to higher energy levels, escaping from the reaction
centre of both the photosystem II (PSII) and photosystem I (PSI). The excited
electron from PSII will be transferred via an electron transport chain (ETC) to
plastoquinone (PQ), cytochrome b6f (Cytb6 f ), plastocyanin (PC) and eventually to
the PSI to replace the excited electron resulting from light energy absorption.
Meanwhile, the excited electron that escaped from the PSII will be replaced by an
electron extracted from water molecules. The excited electron that escaped from
PSI will be transferred to ferrodoxin (Fd) and used to reduce the oxidised
nicotinamide adenine dinucleotide phosphate (NADP+) to its reduced form -
NADPH. The electron from NADPH will then feed into the light-independent
Calvin cycle to make sugar from carbon dioxide (CO2), where the reaction is
catalysed by the RuBisCo enzyme. The flow of electron during photosynthesis is
indicated as black curve arrows. The red curve arrows show the formation or
source of reactive oxygen species (ROS) generated by “accidents” during
photosynthesis.
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stomata closure results in limited entrance of CO2 into the plant cells and
consequently the incidence of incorporating O2 rather than CO2 as electron
acceptor by RuBisCo is higher (Noctor, 2002). Additionally, as discussed
earlier, reduced water availability slows down photosynthesis and
consequently, excess light energy absorbed will be dissipated for generation
of ROS (Cruz De Carvalho, 2008). Thus, a crucial stress response in plants is
to up-regulate the ROS scavengers (catalases, peroxidases, carotenoids) to
effectively quench the burst of ROS during stress. Interestingly, increasing
evidence suggests that ROS have important biological role in plant
development and stress responses apart from being destructive (Gechev et al.,
2006). Some of these roles of ROS will be discussed in section 1.3.2 later in
this chapter.
1.2.3 Plant turgidity and transport of nutrients
Plant turgidity is determined by the turgor pressure of every single plant
cells, which in turn is regulated by water uptake and the cell wall. Plant roots
are the sites of water uptake in plants and water will be transported to the
whole plants via the vasculature system in Angiosperms (Steudle, 2002).
Generally, the direction of water transport is determined by the relative water
potential (ψw) or water status between neighbouring cells and the
environment. In general, water flows down the ψw gradient. Higher ψw is
equivalent to having lower solute potential since high amount of water is
diluting out the solute concentration (Verslues et al., 2006). Increasing amount
of water entering into the cells pushes the plant cell membrane against the
rigid plant cell wall, building up the turgor pressure of the plant cells.
Eventually, the turgor pressure will be too high to be overcome and this will
prevent further entrance of water into the cell even though the ψw of the cells
remain lower than the neighbouring environment.
Plants need to maintain turgor pressure for growth as there is a minimum
turgor pressure that the cells have to meet before they can start growing
(Proseus et al., 2000). Cell expansion, which constitutes the most visible stage
of plant growth, involves massive water uptake and alteration in cell wall
physical properties to accommodate for the increasing cell size. Plants are
able to constantly adjust solute composition, which is more commonly known
as osmotic adjustment, according to the changing environmental conditions to
ensure steady uptake of water from soil (Zhang et al., 1999). This is important
as the uptake of nutrients by plants relies on water uptake since they can only
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acquire water-soluble form of nutrients via roots (López-Bucio et al., 2003).
Additionally, a recent review by Sevanto (2014) suggests that drought can also
inhibit phloem transport as a consequence of the collapse of phloem turgor.
This prevents the redistribution of carbohydrates, which can subsequently
initiate localised starvation. Cumulatively, plant growth will be slowed down
and eventually inhibited in the event of drought due to reduced turgor
pressure and nutrient availability.
1.3 Drought stress signalling and responses in
plants
To relieve the negative impact of drought, plants need to be able to sense and
respond to changing environmental conditions. The drought stress-sensing
and -responding mechanisms have to be coordinated between the different
plant parts for the overall response to be effective. This requires intricate
communication between organelles, between plant cells and between organs.
1.3.1 Plant drought sensing mechanisms
Drought sensing mechanisms in plants are still not very well characterised
despite the burgeoning research activities in plant drought signalling and
responses. A few candidate drought sensing mechanisms in plants have been
proposed with reference to studies on unicellular organisms and the physical
properties of cellular components. Water is the main constituent of the
cytoplasm (Wood, 2011), and therefore, reduced amount of water in the
cytoplasm will result in reduced cell volume, reduced membrane tension,
change in cell shape, and increase in the macromolecular crowding (Kumar
et al., 2013). Additionally, proteins and various macromolecules such as
deoxyribonucleic acid (DNA) have different charges on their surfaces; and
hence, a change in the water and solutes content interacting on their surfaces
can affect the inter- and intra-macromolecular interactions, conformations and
functions (Wood, 2011). Similarly, the composition of the extracellular
environment will change with reducing amount of soil water content (Bahrun
et al., 2002). These changes may be detected by cellular receptor proteins as
clues for the onset of drought stress (Osakabe et al., 2013) or may activate
some other proteins via conformational changes to trigger stress responses.
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All these could be potential candidates of osmosensing mechanisms; a few
such mechanisms are discussed below.
Mechanosensitive protein channels
Mechanosensitive protein channels are channels that are opened or “gated”
by mechanical force. Various models for the mechanisms behind the gating of
these channels were postulated and reviewed in detail by Wilson et al. (2013).
The most basic model is the intrinsic bilayer model, where the mechanical
force experienced by the protein channels is provided directly from the planar
membrane where they are embedded in. In this case, the protein channels
open when the membrane tension is high, typically during hypoosmotic
swelling where the cell is expanding as a result of inward water flow that
stretches the membrane, and hence, the channel. The opening of channels
releases solutes to increase the cellular ψw and eventually promote the
outward flow of water to prevent cell rupturing in bacterial cells (Wood, 2011).
Recently, two homologs of these mechanosensitive protein channels, which
localise in the plastid inner membrane, have been characterised in the plant
model species - Arabidopsis (Haswell and Meyerowitz, 2006). These proteins
are necessary for protecting the plastids from hypoosmotic stress during
normal plant growth (Veley et al., 2012). Interestingly, the plastidal osmotic
imbalance in the Arabidopsis mutant without the two functional
mechanosensitive protein channels can trigger responses similar to those
activated during osmotic imbalance across the cellular plasma membrane
(Wilson et al., 2014). This suggests that communication between organelles
and nucleus is taking place to coordinate proper cellular function. Another
mechanosensitive protein channel was localised to the vacuolar membrane
(Maathuis, 2011). Two other mechanosensitive protein channels are localised
in the cellular membrane of Arabidopsis root cells, but knockout of both
channels in Arabidopsis did not result in any visible altered phenotypes
relative to the wild-type plants under various growth conditions (Haswell
et al., 2008). While further work is still on-going on these protein channels,
the potential existence of other mechanosensitive proteins, perhaps
functioning in a more complex and reverse manner such that the channel
opens at low membrane tension in response to “hyperosmotic shrinking”
during drought, should not be overlooked.
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Membrane-localised protein kinases as receptor proteins
Other potential osmosensing mechanism are receptor proteins.
Membrane-localised protein kinases that sense and relay the message to
eventually result in responses to water stress have been isolated from bacteria
(Wood, 1999) and yeast (Saito and Posas, 2012) as osmosensing receptor
proteins. Similar to that of bacteria, one of the well-characterised yeast’s
osmosensing receptor protein is part of the two-component signal
transduction system (Maeda et al., 1994); the first component is a Sensor
Histidine Kinase (SHK) that has three important domains: sensory or input
domain, histidine kinase (HK) catalytic domain, and histidine
auto-phosphorylation site; whereas the second component is a response
regulator (RR) that only has two domains: a receiver (REC) domain and an
effector or output domain. Generally, the relevant stimulus will be sensed by
the input domain of SHK (SLN1 in yeast), which subsequently results in the
phosphorylation or dephosphorylation of the histidine residue in the HK
domain. Accordingly, this activated SHK can then phosphorylate the RR at
the REC domain, specifically the aspartate residue. This detected signal will
then be passed on via a chain of phosphorylation and dephosphorylation by
HIGH OSMOLARITY GLYCEROL 1 (HOG1) mitogen-activated protein
kinase (MAPK) signalling pathway that can finally relay the message to the
nucleus to initiate nuclear responses (Saito and Posas, 2012).
It is still unknown as to what is being sensed by the SLN1 protein in yeast
during water stress. However, a few candidate stimuli were proposed,
ranging from cellular turgor pressure changes, reduced membrane fluidity to
osmolarity-induced alteration in the cell wall composition (Saito and Posas,
2012). For example, a reduction in cellular turgor pressure due to
hyperosmotic stress was observed to inactivate the yeast SLN1 protein, which
subsequently allows the expression of downstream HOG pathway to
orchestrate the stress response mechanism (Maeda et al., 1994). A homolog of
the yeast SLN1 osmosensing protein has been characterised in Arabidopsis,
which was named as Arabidopsis thaliana histidine kinase 1 (ATHK1) protein
(Urao et al., 1999). Since ATHK1 complemented the yeast sln1 mutant and its
expression in Arabidopsis was up-regulated upon changes in external
osmolarity, it was deemed a likely osmosensor in Arabidopsis (Urao et al.,
1999). Nonetheless, a series of experiments by Kumar et al. (2013) suggested
that ATHK1 regulates stomatal density and is unlikely to be the main
osmosensor in Arabidopsis since normal growth and drought stress responses
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are still present in the athk1 knockout mutant. Apart from the ATHK1, the
other class of receptor proteins - the receptor-like kinases (RLKs), which can
perceive stimuli via ligand-binding and relay the message by phosphorylating
its serine/threonine kinase domains, are another potential osmosensing
mechanism in plants (Osakabe et al., 2013), though again, the ligand sensed is
still unclear.
Hence, while there have been various suggestions and likely candidates
for osmosensing mechanisms in plants, none of them has been scientifically
proven. No doubt, more work is needed to elucidate the drought sensing
mechanism in plants for better understanding of and potentially
improvisation of plant drought tolerance. Fortunately, the plant drought
signalling and responses downstream of sensing are much better
characterised, particularly in Arabidopsis.
1.3.2 Plant drought signalling mechanisms
Upon sensing drought stress, the message has to be passed on to the nucleus
to regulate gene expression. In order to ensure coordinated response within
the whole plant system, signalling has to take place at multiple levels: between
organelles to nucleus, between neighbouring cells, and between organs. Plants
have evolved many different and sometimes overlapping signalling pathways
to coordinate various stress responses. Some of the best-characterised drought
signalling mechanism will be discussed below.
Common secondary messengers during drought signalling in plants
Numerous secondary messengers well-characterised in mammalian cells may
have comparable functions in plants during drought. Because of the
overlapping nature of some stress responses, it is not uncommon that the
same secondary messengers can be triggered by several stresses. The source
of production and the combination of secondary messengers triggered by
various stresses will determine the resulting responses. A number of these
drought-related secondary messengers have been identified in plants.
Calcium ions (Ca2+) are involved in many signal transduction pathways in
plants apart from drought stress signalling (Hepler, 2005). In fact, various
types of stresses activate different signature calcium spikes in specific cell
types triggering relevant responses. Consequently, the intracellular
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concentration of Ca2+ is tightly monitored under normal plant growth
conditions. There are various sources of calcium pools in plant cells,
including the endoplasmic reticulum (ER), mitochondria, vacuoles and cell
wall, from which the Ca2+ can be released when required. Interestingly, it
was proposed that there could be a stress memory system mediated by Ca2+
signalling, where prior exposure to similar or related stress can help the cells
to respond better without severely disrupting the cellular Ca2+ homeostasis
in subsequent exposures (Knight et al., 1996). However, this memory system
is yet to be identified for drought stress response. Nevertheless, the signature
Ca2+ signals generated by stresses will be decoded by calcium-sensitive
proteins to activate corresponding downstream responses. Tuteja and
Mahajan (2007) provide an overview on calcium signalling networks in plants.
Phospholipids are the main constituents of cellular membrane and are the
source of various secondary messengers. The inositol-1,4,5-trisphosphate
(IP3), produced from hydrolysis of phosphatidylinositol-4,5-bisphosphate
(PIP2) by phospholipase C (PLC), accumulates during osmotic stress and is
correlated with the activation of the vacuolar calcium channels (Meijer and
Munnik, 2003). The role of IP3 as a secondary messenger to activate calcium
channels has been well characterised in animal cells. However, whether IP3 is
actually a secondary messenger that directly causes the activation of calcium
channels in plants is still being debated, since there is still no direct evidence
for the existence of IP3 receptors in plants (Krinke et al., 2007). Apart from
that, phosphatidic acid (PA) is another secondary messenger induced during
osmotic stress, which is also originated from the phospholipid membrane. PA
can be produced either directly from the hydrolysis of phosphatidylcholine
and phosphatidylethanolamine by phospholipase D (PLD) or indirectly by
PLC and diacylglycerol kinase (DGK) from PIP2. Osmotic stress generally
triggers rapid and transient accumulation of PA as a secondary messenger
and PA has many other biological function in plant growth and development
(Testerink and Munnik, 2011). PLD is the key contributor to the increase in
PA during stress condition and its activities can be affected by various factors
such as PIP2, Ca2+ concentration, pH, and phosphorylation (Singh et al.,
2012). Various target proteins of PA have been identified in vitro and in vivo,
which include several abscisic acid (ABA) signalling proteins (Zhang et al.,
2004, 2009). The role of ABA signalling during drought stress will be
discussed further later in this section.
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Reactive Oxygen Species (ROS) production and their detrimental effects on
plants were discussed earlier in section 1.2.2. Increasing evidence has
suggested that ROS are important secondary messengers in plants, including
during drought stress signalling. Apart from the chloroplasts, ROS are
produced in mitochondria, peroxisomes and the apoplasts of plant cells by
NADPH oxidase. Most of the ROS have very short half-life due to their high
reactivity, and hence, they have very limited diffusion distance in the cell.
However, H2O2, being the least reactive ROS among those introduced earlier,
is capable of diffusing further and even across membrane via peroxoporins
(special type of aquaporins) (Bienert et al., 2006). Although various ROS
signalling and responsive pathways have been studied, including activation of
Ca2+ channels by ROS, the direct ROS sensor is still yet to be identified
(Gechev et al., 2006). Nevertheless, it is gathered that the site of ROS
production, the overall ROS concentration present, and the developmental
stage at which ROS was produced, can affect the resulting downstream
responses triggered by ROS in plants. For example, at low concentrations,
ROS can trigger acclimation response to stress, whereas excessive ROS
production will result in the activation of programmed cell death (Dat et al.,
2000; Bienert et al., 2006). Hence, similar to the other secondary messengers, it
is important for plants to tightly regulate the accumulation of ROS.
Components mediating the relay and amplification of drought signals
The drought signals perceived by plants, including those through the
secondary messengers, will activate a signalling cascade involving a series of
phosphorylation and dephosphorylation of kinases, similar to that of HOG1
MAPK pathway in yeast. This signalling cascade is responsible for relaying
and amplifying the information to the nucleus to activate drought responses.
Two of these signalling cascade are very well described in the literature:
a) Mitogen-activated protein kinase (MAPK) mediates both stress-related
and plant development-related signalling pathways. Generally, MAPK
signalling pathways commence when the MAPK kinase kinases (MAPKKK)
are activated by stimuli such as ROS and phospholipids-derived secondary
messengers. These activated MAPKKK will then trigger sequential
phosphorylations of MAPK kinases (MAPKK), which in turn can
phosphorylate MAPK. MAPK can then phosphorylate at least 500
downstream proteins, and most of these proteins are transcription factors
(Popescu et al., 2009). These kinases are encoded by multigene family, with
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close to 60 MAPKKKs, 10 MAPKKs and 20 MAPKs inferred from the
Arabidopsis genome sequence (Group et al., 2002). This diversity of kinases
allows for fine tuning of their signal-specific responses, while enabling them
to be involved in the signalling pathways for both stress and development.
Also, depending on the subcellular localization of the activated kinases,
different responses can be activated. The efficiency of these MAPK signalling
pathways is promoted by the presence of scaffold proteins, which help to
bring all the signalling components in close proximity to one another for
effective phosphorylation cascade to take place. Besides, the specificity of
these kinases can also be further adjusted by the presence of phosphatases
(Rodriguez et al., 2010). So far, kinases identified to participate in
hyperosmotic stress signalling in Arabidopsis are MEKK1 (MAPKKK), MKK1
(MAPKK) and MPK4 (MAPK) (Boudsocq and Laurière, 2005).
b) Calcium-dependent protein kinase (CDPK) relies on the binding of
Ca2+ to a specific binding domain for its phosphorylation activities. Hence,
the drought-induced Ca2+ spikes can be translated by CDPK into series of
phosphorylation events to eventually activate drought responses in plants.
Similar to MAPK signalling pathways, CDPKs are another multigene family,
where 34 members of CDPKs are found in Arabidopsis (Valmonte et al.,
2014). They are involved in various stress and developmental signalling
activities in addition to drought signalling. CDPKs that were found to play a
role in drought signalling in Arabidopsis include CPK4, CPK6 (or CDPK3),
CPK10 (or CDPK1), CPK11 (or CDPK2), CPK21 and CPK23 (Boudsocq and
Sheen, 2013). These many CDPKs, although activated by the same stimuli,
may have varying sensitivity and affinity to Ca2+ together with distinct
subcellular localization that renders them to be not fully redundant to one
another (Schulz et al., 2013).
Converting drought signals into change in gene expression
In order to adjust plant metabolic activities for better adaption to the
approaching sub-optimal growth conditions, the majority of signalling
culminates in changes in gene expression. Transcription factors are key
regulators of gene expression, where they can bind directly or indirectly to
the genes, commonly at the promoter regions, to either suppress or activate
the expression of the corresponding genes. Hence, they are one of the
primary drought signalling effectors that have been actively researched to
understand the regulation of plant drought responses. The final stage of
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drought signalling mechanisms, which transduce the stress signals from the
primary and secondary messengers to changes in gene expression, can be
dependent or independent of the stress responsive phytohormone ABA.
ABA-dependent signalling pathway activation relies on the synthesis and
detection of ABA, which is the best known plant stress responsive hormone.
ABA is synthesised from C40 carotenoid precursors through multiple
enzymatic steps, with the 9-cis-epoxycarotenoid dioxygenase (NCED) that
cleaves the C40 carotenoids into C15 xanthoxin being the rate-limiting
enzyme (Christmann et al., 2006). Numerous NCED proteins are present in
Arabidopsis and NCED3 in particular is highly up-regulated during drought
(Iuchi et al., 2001). No NCED3 protein was detected under non-stress
conditions. But, upon water-stress, the NCED3 protein accumulated in the
vascular tissue and ABA content increased (Endo et al., 2008; Jiang et al.,
2012). It is still not clear as to how the drought signal is transduced into
activating NCED3 transcription even though a transcription factor ATAF1 that
promotes NCED3 expression has been identified recently Jensen et al. (2013).
The synthesised ABA can be stored and transported in the form of
ABA-conjugates, which are inactive, until when it is needed (Lee et al., 2006;
Jiang and Hartung, 2008). Therefore, apart from promoting ABA production,
the pool of active ABA can also be enhanced by de-conjugating the inactive
forms of ABA. Two of such de-conjugating enzymes in Arabidopsis localise to
either the ER (Lee et al., 2006) or the vacuole (Xu et al., 2012). Both proteins
are activated during osmotic stress, either by protein polymerization that
enhances the protein activities in the ER or inhibition of degradation that
allows accumulation of the de-conjugating proteins in the vacuole. The
transport of this accumulated ABA during drought between organelles,
between cells and between organs have been observed, but are still being
debated. Boursiac et al. (2013) has provided a detailed review in this matter.
The increase in ABA levels during drought is perceived by ABA-receptors
[PYRABACTIN RESISTANCE 1 (PYR1)/ PYR1-LIKE (PYL)/ REGULATORY
COMPONENTS OF ABA RECEPTORS (RCAR) ] (Ma et al., 2009; Park et al.,
2009). The binding of ABA to the receptors allows them to interact with
Protein Phosphatase 2Cs (PP2Cs), which constantly dephosphorylate the
self-activating SNF1-related protein kinase 2 (SnRK2) proteins in the absence
of ABA (Raghavendra et al., 2010). The ABA-receptors-bound PP2Cs during
drought are prevented from dephosphorylating the SnRK2 proteins, and
hence, the SnRK2 proteins are activated via autophosphorylation. These
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activated SnRK2s can phosphorylate ion channels, membrane proteins such as
the NADPH oxidase that produces ROS, and transcription factors that
regulate ABA-responsive gene expression (Hubbard et al., 2010). Promoter
analysis of the ABA-responsive genes revealed that most of them contain the
cis-acting ABA-responsive element (ABRE) in their promoter regions, which
can be recognised by transcription factors such as the ABRE-binding proteins
(AREB) proteins or ABA-binding factors (ABFs). These AREB/ABFs are
activated via phosphorylation by SnRKs and/or CDPKs for optimal
functioning in plants (Nakashima and Yamaguchi-Shinozaki, 2013).
Eventually, this ABA-dependent signalling pathway can result in
osmoprotectants accumulation, stomatal closure, and increased primary root
growth that helps the plants to survive drought better. A comprehensive
review by Daszkowska-Golec and Szareijo (2013) provides a detailed and
up-to-date summary on the molecular basis of these ABA-mediated plant
drought responses.
ABA-independent signalling pathway refers to the remaining signalling
mechanisms that can lead to drought-inclusive stress responses without
relying on ABA accumulation. The presence of this signalling pathway was
uncovered when stress signalling and responses can still be observed in the
Arabidopsis ABA-deficient and ABA-insensitive mutants (Shinozaki and
Yamaguchi-Shinozaki, 1997). Generally, this signalling pathway is much less
understood in comparison to the ABA-dependent signalling pathway. In most
cases, the transcription factors that can regulate stress-responsive genes and at
the same time are not responsive to ABA are known, but their activation
mechanisms are still a mystery (Yamaguchi-Shinozaki and Shinozaki, 2006).
The most well-known ABA-independent signalling pathway involves the
up-regulation of genes containing dehydration-responsive element (DRE) in
their promoter regions. The DRE is recognised by DRE-binding proteins
(DREB) transcription factors, which are induced under particular stress
conditions. Salinity, cold and drought stress are all capable of inducing
different DREBs (Shinwari et al., 1998; Nakashima et al., 2000). DREB2 genes
were found to be responsible for up-regulating the dehydration responsive
genes in an ABA-independent manner. They were found to be expressed
primarily in roots and stems of Arabidopsis during dehydration conditions
(Nakashima et al., 2000). Besides, it was proposed that DREB2 proteins may
need to be phosphorylated or modified post-translationally for them to be
functional (Yamaguchi-Shinozaki and Shinozaki, 2006). Recent evidence
suggests that the phospholipid secondary messengers could affect DREB gene
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expression (Djafi et al., 2013; Ruelland et al., 2013) but the significance of this
regulation during drought stress is still not fully understood.
In summary, significant progress has been achieved in the past few years
for better understanding of the plant drought signalling mechanisms.
However, there are still many gaps to be bridged, particularly between the
drought signals and change in gene expression observed for the
ABA-independent signalling pathways. Although the drought signalling
pathways were categorised into the two distinct groups above, in reality, there
are many crosstalk going on between the ABA-dependent and
ABA-independent pathways. In fact, some of the stress-responsive genes such
as RD29A were found to be regulated by both pathways
(Yamaguchi-Shinozaki and Shinozaki, 2005). In addition, crosstalk also takes
place between different hormonal signalling pathway during stress responses.
For instance, jasmonic acid (JA) and its derivatives, which are important for
plant development and defence responses, can stimulate the expression of
NCED3 and participate in guard cell signalling, potentially in the presence of
ABA (Hossain et al., 2011; Lackman et al., 2011). Additionally, MYC
DOMAIN TRANSCRIPTION FACTOR 2 (MYC2), which is the key
transcription factor that activates JA-inducible genes, can also be up-regulated
by ABA and drought (Anderson et al., 2004; Lorenzo et al., 2004). More of
these crosstalk between hormones will be explored later in this chapter. In the
meantime, some of the crucial plant drought responses reported in the
literature are summarised in the next section.
1.3.3 Cellular and biochemical responses to drought
Plants have evolved different drought response mechanisms to increase
chances of completing the lifecycle during drought. These mechanisms can be
categorised into three levels: escape, avoidance, and tolerance and
combinations of the three. Generally, escape involves early flowering to set
seeds before dying. Examples of avoidance strategies include cacti storing
water. On the other hand, drought tolerance refers to the ability of plants to
survive and grow during drought by minimising the impact of drought on
the plant cellular processes. This can be achieved by increasing the
production of ROS scavengers and osmoprotectants to prevent damage of
cellular components under low cellular ψw while adjusting their osmotic
potential to ensure constant water uptake from soil. Sometimes, acclimation
may be achieved by certain plants when they tolerate drought better after
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prior exposure to similar stress conditions. Verslues and Juenger (2011)
provide detailed explanations and examples for each of these plant drought
response classifications.
Osmolytes and osmoprotectants accumulation
Osmolytes refer to a group of low molecular weight, highly soluble
compounds. Osmolyte accumulation during drought is necessary for
maintaining a low cellular ψw to ensure constant water-uptake by the roots.
Some of these solutes may have additional protective roles to the cellular
components, such as stabilizing protein folds, and hence, are also known as
osmoprotectants. Some of these well-characterised osmolytes and/or
osmoprotectants include polyamines, sugars, and proline (Chan et al., 2013).
Polyamines are polycationic coumpounds and they are common amongst
most living organisms (Takahashi and Kakehi, 2010). Putrescine (diamine),
spermidine (triamine) and spermine (tetramine) are the most
well-characterised polyamines in plants, and they are synthesised sequentially
in a single biosynthetic pathway, each with additional aminopropyl group.
Their positive charges at physiological pH allow them to stabilise, and
sometimes, affect activities of proteins (Votyakova et al., 1999), ribonucleic
acid (RNA) (Lightfoot and Hall, 2014) and DNA (Bryson and Greenall, 2000).
Accumulation of putrescine (Alcázar et al., 2010) and spermine (Yamaguchi
et al., 2007) were shown to confer drought tolerance to plants. In Arabidopsis,
polyamines are synthesised from arginine through multiple steps, with the
ARGININE DECARBOXYLASE (ADC) proteins as the rate limiting enzymes
of this biosynthetic pathway. Two ADC proteins have been characterised in
Arabidopsis, with ADC1 being constitutively expressed while ADC2
expression is inducible by abiotic stresses such as drought (Takahashi and
Kakehi, 2010). Promoter analysis of ADC2 revealed the presence of ABRE,
which suggests the involvement of ABA in regulating this drought-induced
polyamine metabolism in plants (Alcázar et al., 2006). A comprehensive
review on polyamines under abiotic stress is covered by Bitrián et al. (2012).
Sugars are osmolytes accumulated by plants during drought. They can
stabilise macromolecules such as cellular membranes and proteins while
scavenging the excessive ROS accumulated during abiotic stresses. Sugars
that have been shown to play a role in osmotic adjustment as well as function
as osmoprotectants in plants include fructans and their degradation products
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(Valluru and Van den Ende, 2008), raffinose family oligosaccharides (Elsayed
et al., 2013), trehalose (Iordachescu and Imai, 2008), starch, as well as polyols
like mannitol and sorbitol. Accumulation of these sugars are found to be both
ABA-dependent as well as ABA-independent, depending on the type of
sugars [reviewed in (Krasensky and Jonak, 2012)].
Proline is an amino acid that can also function as a molecular chaperone,
ROS scavenger, and ROS homeostasis regulator in the plant cells apart from
being a compatible solute for osmotic adjustment during drought. The
regulation of proline biosynthesis and catabolism have been well-studied
since it is also an important molecule for other cellular processes, including
metabolic and developmental processes. Generally, proline biosynthesis in
Arabidopsis is up-regulated during osmotic stress by ROS-derived signals in
an ABA-dependent manner [reviewed by Szabados and Savouré (2010)].
ROS scavengers accumulation
As mentioned earlier, ROS are highly reactive molecules that can damage
cellular components if present at high levels, but at the same time, are
important signalling molecules in plants. Hence, it is necessary for plants to
regulate their ROS levels. Apart from those osmoprotectants discussed earlier
that can also act as ROS scavengers, ascorbic acid (Gallie, 2013), glutathione
(Noctor et al., 2012) and pigments such as anthocyanins (Miguel, 2011) as well
as carotenoids and their derivatives (Ramel et al., 2012) can also detoxify ROS
in a non-enzymatic manner. In addition, plants also possess enyzmatic ROS
detoxification mechanisms with ascorbate peroxidase (APX), glutathione
peroxidase (GPX), glutathione reductase (GR), glutathione-S-transferase
(GST), catalase (CAT) and SOD as the major players to combat ROS
accumulation during stress conditions. Comprehensive reviews on these plant
antioxidants can be found in Jaleel et al. (2009); Gill and Tuteja (2010).
Under physiological conditions, ascorbic acid presents as ascorbate and
can readily react with ROS to neutralise them while being oxidised to form
chemically stable dehydroascorbate (Zhang, 2012). The activity of the key
enzyme regulating ascorbic acid levels correlates well with the cellular
reduction and oxidation (redox) state, with it being activated when the cell is
at oxidising state (a common state for cells when stressed) (Valpuesta and
Botella, 2004). Additionally, the oxidation of ascorbate can be catalysed by
APXs, which are encoded by nine different genes in Arabidopsis.
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Nevertheless, only APX1 was shown to be important during drought stress in
Arabidopsis (Koussevitzky et al., 2008). Glutathione is another molecule with
similar role as the ascorbic acid, which is synthesised by sequential joining of
L-glutamate, L-cysteine and finally glycine to the C-terminal end to form a
tripeptide thiol (Noctor et al., 1998). It is capable of reacting with various ROS
directly as well as being a substrate for GPXs and GSTs for enzymatic ROS
detoxification to take place. Besides, glutathione is also important for
recycling dehydroascorbate back to reduced ascorbate through the
ascorbate-glutathione cycle (Chan et al., 2013). The oxidised glutathione is
then converted back to its reduced form via GRs using NADPH as the
electron donor.
Plants keep the ratio of reduced glutathione to oxidised glutathione at
approximately 20:1 under standard growth conditions (Labudda and Safiul
Azam, 2014). However, this ratio will be disturbed under drought stress
(oxidising condition) and could potentially be another stress signal for
activating plant stress responses (Chan et al., 2013). Interestingly, based on
animal research, ROS-sensitive transcription factors that can be activated by
ROS through direct interaction to bind to the antioxidant response element
(ARE) were identified (Pastori and Foyer, 2002). The presence of similar
oxidative stress-responsive elements in plants was first described in maize
(Polidoros and Scandalios, 1999) and subsequently, in Arabidopsis (Garretón
and Carpinelli, 2002). Identification and verification of the existence of such
elements, as well as their regulatory mechanisms, may be important for
understanding the mechanisms behind the up-regulation of ROS scavengers
in plants during drought.
1.3.4 Plant physiological responses to drought
In addition to the cellular and biochemical responses to drought, plants also
have other temporary but effective responses to avoid drought stress (Figure
1.2). Most of the drought avoidance approaches involve plant physiological
responses, which include stomatal closure and altered developmental or
growth rate, or increased root-to-shoot ratio and sometimes even entering a
dormant state until conditions improve.
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Stomatal closure
Stomata are leaf pores that allow gas and water vapour exchange to occur.
The stomatal pore is guarded by a pair of specialised plant cells called guard
cells. The cell wall of the guard cells is asymmetrically developed, with the
side facing the pore-opening being thicker and less extensible than the other
side (Fukuda et al., 1998). This allows them to control the size of
pore-opening based on cell turgidity, where cells with higher turgidity will
push against the thinner cell wall more easily than the thicker side, which
results in an overall bigger pore-opening and vice versa.
Therefore, one possible way of inducing stomatal closure is via increasing
the outward flow of water from the guard cells to reduce stomatal turgidity.
ABA is well-known for its function to promote stomatal closure in plants.
Additionally, all of the drought-related secondary messengers discussed
earlier have been reported to positively regulate stomatal closure through this
ABA-dependent signalling pathway. For example, ABA can induce
accumulation of Ca2+ in the cytosol of guard cells (McAinsh et al., 1992). This
Ca2+ accumulation can activate the anion channels on the cellular membrane
to promote outward release of anions (Geiger et al., 2011) while at the same
time, inhibit proton pumps (Kinoshita et al., 1995) and inward-potassium ion
channels (Grabov and Blatt, 1999). Consequently, the guard cells are
depolarised and eventually an outward-potassium ion flow is triggered. The
overall reduction in solute concentration in the guard cell reverses the osmotic
potential between the guard cells and their environment, hence culminating
in a net outward flow of water from the guard cells. Guard cells losing their
turgidity results in the closure of stomata. A comprehensive review on signal
transduction in guard cells can be found in (Schroeder et al., 2001). In
addition to that, Brodribb and Holbrook (2003) showed that vulnerability of
xylem in leaf veins can also trigger stomatal closure, though the detailed
mechanism is not yet known.
Altered developmental rate
Generally, the closure of stomata and limited water availability during
drought culminate in the overall restricted accessible resources for plants to
grow. In such instances, root growth is prioritised in preference to shoot
growth as part of the drought avoidance. For example, the Arabidopsis
primary root elongation and cell production, but not the lateral root
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elongation or initiation, are stimulated during moderate drought stress
(van der Weele et al., 2000); while the rate of rosette growth in terms of cell
expansion and proliferation is significantly reduced even under mild drought
conditions, with minimal impact on stomatal index (Clauw et al., 2015).
Cumulatively, these reduce the total surface area for water loss from the above
ground organs, while maximising water uptake from deeper soil. Meanwhile,
the flowering time and floral development within a plant species were
observed to respond differently to drought stress, depending on their genetic
composition and the severity of the stress as demonstrated by Su et al. (2013),
Ma et al. (2014), and Schmalenbach et al. (2014). When severe drought is
experienced during flowering time, floral development is aborted, causing
temporal sterility in Arabidopsis (Su et al., 2013) and this correlated with the
large scale transcriptomic changes detected in the floral organs (Ma et al.,
2014).
Many of these plant drought responses, be it cellular, biochemical or
physiological responses, can be simultaneously affected or regulated by plant
hormones. The classical example comes from the well-known plant stress
hormone - ABA - which accumulation during drought stress induces stomatal
closure (Daszkowska-Golec and Szareijo, 2013), polyamine accumulation
(Alcázar et al., 2006) and alters developmental rate (Zhang et al., 2010). The
details on ABA biosynthesis, perception and signalling were discussed earlier
(see section 1.3.2). On the other hand, there is an increasing number of
evidence suggesting that other plant hormones can also affect the various
plant drought responses and hence, tolerance. Exogenous application and/or
endogenous manipulation to increase the levels of BR (Vardhini and Anjum,
2015), auxin (Shi et al., 2014), GA (Kaya et al., 2006), JA (Alam et al., 2014), SA
(Miura and Tada, 2014), strigolactone (Ha et al., 2014) and cytokinin (Kuppu
et al., 2013; Reguera et al., 2013) respectively were capable of improving plant
drought tolerance in various plant species through alterations of multiple
plant drought responses and signalling detailed earlier. Meanwhile, having
reduced levels of ethylene during drought stress was recently observed to be
beneficial to increasing grain yield in maize during drought (Habben et al.,
2014), which is probably through its senescence promoting role in plants.
Nonetheless, only auxin (Du et al., 2013), JA (De Ollas et al., 2013), cytokinin
(Davies and Zhang, 1991) and, to a certain extent, GA and ethylene (Verelst
et al., 2010) are likely to have physiological relevant role in plant drought
responses since their levels together with their corresponding signalling
and/or biosynthetic genes’ transcript levels were responsive to drought
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(Huang et al., 2008). Since plant hormones crosstalk to one another, it is not
surprising that changing the concentration of any of the plant hormones can
affect plant drought responses and tolerance.
Optimal balancing between growth and survival during drought is critical
for plant survival (Claeys and Inzé, 2013). This is because over-suppressing
growth may put the plant at a disadvantage in competing with surrounding
plant species for sunlight and other resources upon termination of drought,
especially if the drought event is only short-term. Understanding plant
growth regulation will definitely help to pinpoint the potential regulatory
mechanisms involved in changing plant developmental rate during drought.
Therefore, current literature on the three major growth-regulating plant
hormones: auxins, BRs and GAs is highlighted in the next section.
Figure 1.2 – Summary of drought signalling: sensing-signalling-responses in a plant cell. Please refer to the next page for full figure description.
Figure 1.2 – Summary of drought signalling: sensing-signalling-responses in a plant cell. Reduced water availability during drought causes altered cell
shape, increased macromolecular crowding, reduced cellular volume and membrane tension, which can affect protein functions and interactions within the
plant cells. Concurrently, extracellular environmental changes due to osmotic stress could be detected by specific receptor proteins. These drought signals (in
blue box and blue outer arrow) will trigger the production of secondary messengers such as reactive oxygen species (ROS), calcium ions (Ca2+) and
phospholipids like phosphatidic acids (PA) and inositol-1,4,5-triphosphate (IP3). All the primary and secondary signals will be relayed and amplified via a
series of phosphorylations and dephosphorylations by kinases and phosphatases respectively. Some of these signalling cascades are well-characterised,
which include the mitogen-activated protein kinases (MAPK) and calcium-dependent protein kinases (CDPK) signalling pathways. Eventually, these signals
(grey boxes and grey outer arrows) can trigger plant drought responses (shown in green box and green outer arrow), which mainly involve altering gene
expression. There are various drought signalling pathways that can result in the induction of stress-responsive genes by activating the relevant transcription
factors (grey round box). These signalling pathways can be categorised into two general groups: the ABA-dependent and ABA-independent signalling
pathways. Some of the best documented plant drought responses include stomatal closure, altered developmental rate (i.e. increased root-to-shoot ratio
and/or earlier flowering time), accumulation of ROS scavengers and accumulation of osmoprotectants like polyamines, sugars and proline. ROS are not only
important signalling molecules, but are also highly reactive molecules that can damage cellular components and therefore, need to be kept at minimal levels.
These drought responses help to alleviate the initial negative impacts of drought on plants, which can then feedback onto the sensing of stimulus by
re-adjusting the subsequent sensitivity towards the stress. Wavy arrows indicate the source of production of the secondary messengers, colour coded to
match the font colour of the respective secondary messengers. Abbreviations: NADPH oxidase, reduced nicotinamide adenine dinucleotide phosphate
oxidase; AREB/ABFs, ABA-responsive element binding proteins/ABA-binding factors; DREB2, dehydration-responsive element binding protein 2; ABRE,
ABA-responsive element; DRE, dehydration-responsive element; APXs, ascorbate peroxidases; GPXs, glutathione peroxidases; GRs, glutathione reductases;
GSTs, glutathione-S-transferases; CATs, catalases; SODs, superoxide dismutases.
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1.4 Plant growth hormones
Plant growth and development can be traced down to these three cellular
processes: cell division, cell differentiation and cell expansion (Wang and
Ruan, 2013). The actively dividing plant cells are normally restricted to small
regions and commonly at the tips of plants, which form the shoot and root
meristems of plants (Machida et al., 2013). These cells are capable of
differentiating into various cell types depending on the signals perceived.
Specifically, the fate of these stem cells are determined by WUSCHEL (WUS)
transcription factors and CLAVATA (CLV) receptor complex in shoot, and in
combination with auxin gradient in root (Sharma et al., 2003; Tian et al., 2013).
Neighbouring to these meristemic cells are the differentiating cells, followed
by the differentiated and specialised cells, which form the majority of the
plant matter like leaves and roots. Cell expansion involves loosening of cell
wall by enzymes like expansins, massive water uptake into the cells, and
synthesis of cellular components to fill up and “fuel up" the cells (Consgrove,
2001; Bashline et al., 2014). Cumulatively, the overall observable plant growth
can be attributed to both cell proliferation and cell expansion (Depuydt and
Hardtke, 2011).
Post-embryonic growth in plants is the most dramatic stage of plant
growth. The genetic makeup and environment are the two key components
that control plant growth and development, and hence its overall morphology
(El-Soda et al., 2014). Being sessile, plants need to be able to perceive and
integrate the environmental clues into their growth regulation. Tremendous
progress in identifying the key growth regulators - the plant hormones, and
the components of their signalling pathways have been achieved in the past
few years, and they are discussed below.
1.4.1 Auxins
Auxins, derived from the Greek word “auxein” that means “to grow”, refer to
a specific pool of molecules that promote plant responses for growth (Teale
et al., 2006). They can affect both cell proliferation and cell expansion in
plants [reviewed by Perrot-Rechenmann (2010)]. The plant developmental
processes regulated by auxin includes vascular patterning, seedling growth,
floral development, gametogenesis, and embryogenesis (Zhao, 2010). The
most well-known auxin present in plants is indole-3-acetic acid (IAA) while
the common synthetic auxins used in plant research include
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1-naphthaleneacetic acid (NAA) and 2,4-dichlorophenoxyacetic acid (2,4-D)
(Teale et al., 2006). Generally, the effects of auxins on plant growth and
development vary, depending on the concentration and type of auxin present,
its transport, the cell type as well as the location of the cells in plants
(Bargmann et al., 2013). The pleiotropic effects in plant morphology and
growth resulting from the loss-of-function of various auxin biosynthetic genes
demonstrate the importance of auxin in regulating plant growth and
development (Zhao, 2010).
Although the existence of auxin in plants is long-known, complete
understanding of its biosynthetic pathways has not yet been achieved.
Evidence gathered so far from various plant species suggested that auxins can
be synthesised via multiple pathways in plants [reviewed by Mano and
Nemoto (2012)]. Generally, auxins are synthesised from indole via tryptophan
(Trp)-dependent and Trp-independent pathways, with more intense synthesis
in young leaf tissues and roots, especially the primary root tips. Auxins can
be distributed to other parts of the plants through auxin transporters. The
Pin-formed (PIN) proteins are the best characterised auxin transporters that
are localised to the plant cellular membrane and this localisation can be
dynamically regulated (Boutté et al., 2007; Krecˇek et al., 2009). The concerted
asymmetrical distribution of the PIN proteins in individual cells will
determine the overall flow direction of auxin in plants; whereas the sudden
retraction of the PIN proteins from the membrane will result in localised
auxin accumulation. This asymmetric auxin distribution and accumulation in
plants is important in determining plant architecture. For example, the plant
growth direction and the position to initiate the growth of new leaves or roots
are determined by where the localised auxin accumulation takes place. For a
review on the action and regulation of auxins from cellular to whole plant
level, see Leyser (2010).
The mechanisms of auxin perception and responses at the cellular level are
quite similar to that of ABA. The TRANSPORT INHIBITOR RESPONSE 1
(TIR1) F-box protein and its homologs are the auxin receptors found in the
nucleus of plant cells that can directly bind the hormone (Dharmasiri et al.,
2005; Kepinski and Leyser, 2005). Concurrently, this TIR1 is also part of the
SKP1, CULLIN, F-BOX (SCF) ubiquitin-ligase complex that can target specific
proteins for proteasome degradation via ubiquitination. The substrate
targeting of the SCF ubiquitin-ligase complex is determined by the F-box
proteins that it is associated with (Teale et al., 2006). Hence, the activated
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SCFTIR1 upon binding to auxin will specifically target Aux/IAAs family,
which can inhibit the activities of auxin response factor (ARF) transcription
factors by direct physical interaction, for degradation (Figure 1.3). As a result,
the ARFs are freed from the binding with Aux/IAA and this will either
activate or repress the auxin responsive genes, depending on the nature of the
ARFs, by recognising the auxin-responsive element (AuxRE) in the promoter
regions of the genes (Dharmasiri et al., 2005; Kepinski and Leyser, 2005; Teale
et al., 2006). A recent breakthrough that advances our knowledge in auxin
signalling and responses came from identifying the partner of an auxin
sensing receptor pair, consisting of the long-discovered auxin-binding protein
1 (ABP1) and the newly found plasma membrane localised transmembrane
kinase (TMK) receptor-like kinases (Xu et al., 2014). Auxin perceived by this
receptor pair will likely activate the non-transcriptional cytoplasmic auxin
responses. Details of this downstream pathway remain an interesting
prospect for current and future research in this field.
Figure 1.3 – Auxin signalling pathway. In the absence of auxin, the auxin
response factors transcription factors (ARFs) are bound by the Aux/IAA family,
preventing them from activating or repressing the transcription of their target
genes. On the other hand, the presence of auxin is detected by the F-box protein
(TRANSPORT INHIBITOR RESPONSE 1 - TIR1) of the SCFTIR1 ubiquitin-ligase
complex through direct physical interaction. This activates the TIR1 and allows it
to target the Aux/IAA for ubiquitination by the SCFTIR1, which will
subsequently be degraded by proteasome. Consequently, ARFs are now free to
bind to their target genes by recognising the auxin-responsive elements (AuxRE)
for transcript activation or repression.
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1.4.2 Brassinosteroids (BRs)
The discovery of BRs is fairly recent relative to that of auxins. BR is the only
class of plant steroid hormone identified so far, where the first isolation was
from 227kg of Brassica napus pollen (Clouse, 2011). Characterisation of
BR-deficient mutants revealed the role of BRs in promoting longitudinal cell
expansion, vascular differentiation, floral fertility, senescence and potentially
in regulating plant responses to light as well as various stresses to some
extent (Clouse and Sasse, 1998). The biosynthesis and signalling pathways
involved in BR responses have been very well studied and the key
components involved are outlined in brief below.
Many enzymatic steps are involved in synthesising the big and complex
steroid structure of the BRs [reviewed by Fujioka and Yokota (2003) and
Clouse (2011)]. The origin of BR biosynthesis can be traced down to
acetyl-CoA, which through multiple conversion steps can yield mevalonate.
Further additions and modifications on mevalonate catalysed by a series of
enzymes eventually yield the plant sterol precursor - cycloartenol. This
precursor can be processed by various sterol methyl transferases, isomerases,
desaturases and reductases through various intermediate sterols, similar to
those of carotenoid biosynthetic pathways, with a branching point that
subsequently gives rise to the two major sterols - sitosterol and campesterol.
Sitosterol is a primary plant membrane sterol while campesterol will be
further processed by combinations of reductases, oxidases and hydroxylases
to eventually form the most bioactive BR - the brassinolides (BL) (Figure 1.5).
Some of the BR intermediates such as the castatsterone may also be bioactive,
but to a lesser extent compared to BL (Wang et al., 2001). Among the many
biosynthetic enzymes involved, dwarf 4 (DWF4), which hydrolyses
campestanol, and BR-6-oxidases (BR6ox), which are responsible for producing
castasterone, were proposed to be the rate-limiting steps and potentially
regulatory points of BR biosynthesis (Clouse, 2011). The chemical nature and
the low abundance of these sterols in plants render their isolation and
quantifications from plant materials to be technically challenging and costly.
Xin et al. (2013) recently described a method that can overcome most of the
hurdles in BR isolation and quantification from Arabidopsis and rice, which is
likely to expedite the BR research progress in coming years.
In Arabidopsis, synthesis of BRs was detected in all organs, with more
active synthesis taking place in young and developing organs (Shimada et al.,
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2003). Additionally, several lines of evidence argue against the presence of
long distance BR transport in plants and Symons et al. (2008) conclusively
demonstrated this via a series of grafting experiments. While the exact site of
BR biosynthesis at the cellular level has not been verified, it is hypothesised to
be associated with the ER (Symons et al., 2008). Since BR receptors identified
so far are localised to the cellular membrane, it is likely that BRs have to be
exported out of the cells to be detected by the extracellular receptor proteins.
Similar to other hormones, BR accumulation can be regulated through
activation or inactivation of the BR biosynthetic and catabolic enzymes as well
as conjugating or de-conjugating the bioactive BL and its conjugates
accordingly (Zhao and Li, 2012). Nonetheless, there are still a lot to work on
for us to better understand how plants regulate their BRs pool under
physiologically-relevant conditions.
The sensing and signalling of BRs from perception to change in gene
expression have been elucidated in the past decades [reviewed by Wang et al.
(2012)]. In brief, BL can bind directly to the extracellular domain of
BRASSINOSTEROID INSENSITIVE 1 (BRI1) kinase, which is a
membrane-bound leucine-rich repeat receptor-like kinase (LRR RLK)
identified as a BRs-receptor (Figure 1.4). Prior to BL binding, the BRI1
intracellular domain is bound by both BRI1 KINASE INHIBITOR 1 (BKI1)
and BR-SIGNALLING KINASE 1 (BSK1). BKI1 is a negative regulator of BR
signalling, which suppresses the activation of downstream BR signalling
cascades in the absence of BL. This suppression is lifted when BL binds to
BRI1 and subsequently results in the phosphorylation of BKI1, dissociating it
from the membrane and BRI1. BRI1 is now free to interact with and
phosphorylate another membrane kinase - BRI1-ASSOCIATED RECEPTOR
KINASE 1 (BAK1) and its homologues BAK1-LIKE KINASE 1 (BKK1) and
SOMATIC EMBRYOGENESIS RECEPTOR KINASE 1 (SERK1). In return, the
activated BAK1 will transphosphorylate BRI1 at a different site with higher
signalling capacity, allowing BRI1 to now phosphorylate the other
BRI1-associated protein BSK1. The activation of BSK1 releases it from the
receptor complex to interact and activate BRI1 SUPPRESSOR 1 (BSU1)
phosphatase, which can then dephosphorylate and inactivate
BRASSINOSTEROID INSENSITIVE 2 (BIN2) kinase. The inactivation of BIN2
in response to BL terminates the phosphorylation of BRI1-EMS SUPPRESSOR
1 (BES1) and BRASSINAZOLE RESISTANT 1 (BZR1), while protein
phosphatase 2A (PP2A) is now involved in dephosphorylating the
BZR1/BES1 and hence, activating them for regulating BR-responsive gene
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expression (Figure 1.4).
Microarray data analyses reported by different laboratories around the
world suggest that both BES1 and BZR1 regulate the expression of hundreds
of genes in response to BRs (He et al., 2005; Yin et al., 2005; Sun et al., 2010; Yu
et al., 2011). Some of the genes responsive to BRs can be co-regulated by both
transcription factors, while many other genes are either targeted by BES1 or
BZR1 only. Additionally, both transcription factors can either positively or
negatively affect gene expression, depending on the presence of other
transcription factors and the promoter sequence of the genes. Interestingly,
some of the genes regulated by BES1 and/or BZR1 are transcription factors or
are involved in signalling pathways of many other hormones (Clouse, 2011;
Guo et al., 2013). Crosstalk between hormones will be demonstrated in more
detail at the end of this section, after introducing the most well-known
growth promoting hormone in plants - the gibberellins (GAs).
1.4.3 Gibberellins (GAs)
GAs are the most well-characterised plant growth hormone and are named
after its first discovery from a pathogenic fungus called Gibberella fujikuroi by
Japanese scientists [see review by Sun (2008)]. This fungus that infects rice
plants produces GAs during its infection to promote uncontrollable plant
growth until the rice plants bend down, allowing the spread of fungus to
neighbouring plants. Characterisation of various Arabidopsis mutants
revealed that GAs are important for breaking seed dormancy for germination
to take place (Debeaujon and Koornneef, 2000), promoting leaf and root
growth (Achard et al., 2009), regulating flowering time and plant height as
well as floral organ development, specifically at the anther and petal
(Mutasa-Göttgens and Hedden, 2009). Interestingly, a correlation between the
GA content in plants and plant drought tolerance was observed recently,
where Arabidopsis mutants with lower GA content than wild-type
Arabidopsis generally survive drought better compared to other Arabidopsis
with wild-type or higher levels of GA content (Colebrook et al., 2014).
Similar to other hormones, GA biosynthetic and catabolic pathways
involve many enzymatic steps and chemical intermediates (Figure 1.5). So far,
GA1, GA3, GA4, and GA7 are the few GAs identified to be biologically active
(Hedden and Phillips, 2000). In general, GAs are synthesised from
trans-geranylgeranyl diphosphate (GGPP), which is also the precursor for
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Figure 1.4 – Brassinosteroid (BR) signalling pathway. Without BRs, the
BRASSINOSTEROID INSENSITIVE 1 (BRI1) membrane receptor is constantly
bound by BRI1 KINASE INHIBITOR 1 (BKI1) and BR-SIGNALLING KINASE 1
(BSK1). Meanwhile, the BR-responsive transcription factors BRI1-EMS
SUPPRESSOR 1 (BES1) and BRASSINAZOLE RESISTANT 1 (BZR1) are actively
phosphorylated by BRASSINOSTEROID INSENSITIVE 2 (BIN2) kinase, which
prevent BES1/BZR1 from activating the downstream BR-responsive genes
transcription. When BR is present, it can bind directly to the extracellular domain
of BRI1, activating it to phosphorylate the attached BKI1, and causes it to
dissociate from BRI1. As a result, the BRI1-ASSOCIATED RECEPTOR KINASE 1
(BAK1) can now access and interact with the "naked" BRI1. Similarly, BRI1 will
phosphorylate BAK1, which can subsequently transphosphorylate BRI1 at a
different site, allowing BRI1 to phosphorylate the neighbouring BSK1 now as
shown by the small black solid head arrow. The phosphorylated BSK1 will
dissociate from BRI1 and activates BRI1 SUPPRESSOR 1 (BSU1) via
phosphorylation. BSU1 can now target BIN2 for inactivation by
dephosphorylating it and at the same time, the protein phosphatase 2A (PP2A)
can dephosphorylates the BES1/BZR1, allowing it to activate the BR-responsive
genes. Red and bold font indicates inactive forms of proteins while black and
bold font indicates activated proteins.
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carotenoids and chlorophylls. The GGPP derived from acetyl-CoA is
committed to form GAs when it is cyclised by ENT-COPALYL
DIPHOSPHATE SYNTHASE (CPS) and ENT-KAURENE SYNTHASE (KS)
sequentially to form ent-kaurene. Both of the enyzmes localise in the plastids
and hence, it is likely that the first stage of GA biosynthesis happens there
(Sun and Kamiya, 1994; Helliwell et al., 2001). The ent-kaurene is further
oxidised and processed by ENT-KAURENE OXIDASE (KO) found in the
outer plastidal membrane and the ER-localised ENT-KAURENOIC ACID
OXIDASE (KAO) to eventually produce GA12 (Helliwell et al., 2001).
13-hydroxylation of GA12 into GA53 follows, and both the GA12 and GA53 are
substrates for the production of bioactive GAs in the cytoplasm by
GA-20-OXIDASE (GA20ox) and GA-3-OXIDASE (GA3ox) (Mitchum et al.,
2006; Rieu et al., 2008). The bioactive GAs can be inactivated by
GA-2-OXIDASE (GA2ox) (Thomas et al., 1999), and possibly by GA
METHYLTRANSFERASES (GAMTs) that conjugate a methyl group to the
biaoactive GAs but the presence of methylated GAs has not been detected
from plant extracts yet (Varbanova et al., 2007). Interestingly, Arabidopsis has
more than one gene copy for almost every enzyme involved in GA
biosynthesis and catabolism (except for CPS and KS), which allows
fine-regulation of GA biosynthesis in a tissue-specific and/or developmental
stage-specific manner (Pimenta Lange and Lange, 2006). Additionally, they
are likely to be the key regulating points for GA accumulation (Hedden and
Thomas, 2012).
The major components of GA signalling pathways and their interactions in
relation to one another have also been identified in the past decade
(Ueguchi-Tanaka et al., 2007; Sun, 2008). Bioactive GAs can bind to
GA-INSENSITIVE DWARF 1 (GID1) receptor protein (Ueguchi-Tanaka et al.,
2005; Voegele et al., 2011), specifically at its binding pocket, and induce the
closure of the pocket with a ‘lid’. The outer surface of the ‘lid’ can now
interact with DELLA proteins, which are negative regulators of GA signalling
pathways, and induce a conformational change in the GRAS domain of
DELLA proteins. This conformational change in the GRAS domain allows it
to be recognised more effectively by SLEEPY 1 (SLY1) in Arabidopsis or
GA-INSENSITIVE DWARF 2 (GID2) in rice, which are both F-box proteins of
SCF ubiquitin-ligase complex similar to that involved in auxin signalling
pathways. As a result, DELLAs will be primed for degradation by proteasome
via ubiquitinylation by the SCFSLY1/GID2 ubiquitin-ligase complex. In the
absence of GAs, DELLAs can interact with and affect the activities of many
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Figure 1.5 – The biosynthetic pathway of brassinosteroids (BRs) and gibberellins
(GAs) from acetyl-CoA. Both BR and GA biosyntheses can be traced down to
acetyl-CoA, which can be converted into mevalonate through multiple enzymatic steps.
Mevalonate can be processed further into either cycloartenol, the precursor of steroid
biosynthesis, or trans-geranylgeranyl diphosphate (GGPP), the precursor for carotenoids,
chlorophylls and GAs. Combinations of processing by sterol methyl transferases,
isomerases, desaturases and reductases convert the cycloartenol to sitosterol and
campesterol. Sitosterol is a primary plant membrane sterol while campesterol can be
further modified by hydroxylases, reductases and oxidases to eventually produce the
biactive BR - brassinolides (BL). On the other hand, once the GGPP is processed by
ENT-COPALYL DIPHOSPHATE SYNTHASE (CPS) and ENT-KAURENE SYNTHASE
(KS) to form ent-kaurene, it is committed into making bioactive GA. ENT-KAURENE
OXIDASE (KO) and ENT-KAURENOIC ACID OXIDASE (KAO) can further act on the
ent-kaurene sequentially to produce GA12. 13-hydroxylation of GA12 into GA53 can
subsequently take place. Both GA12 and GA53 are processed by GA-20-OXIDASES
(GA20ox) and GA-3-OXIDASES (GA30x) in a sequential manner to eventually generate
the bioactive GA, which includes GA1, GA3, GA4, and GA7. The bioactive GA can be
inactivated by either GA-2-OXIDASES (GA2ox) or GA METHYLTRANSFERASES
(GAMT). Red font indicates the rate limiting steps of the biosynthetic pathways. Yellow
boxes highlight the bioactive hormones; light green boxes highlight the
chloroplast-localised proteins; green box highlights the chloroplastic-membrane localised
protein; blue box highlights the endoplasmic reticulum (ER)-localised protein; while no
color indicates that the proteins are localised to the cytosol.
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other regulatory proteins crucial for modulating plant development (de Lucas
et al., 2008; Feng et al., 2008; Hou et al., 2010; Bai et al., 2012;
Gallego-Bartolomé et al., 2012; Li et al., 2012; Wild et al., 2012). Moreover, they
can also act as transcription factors themselves by directly binding to
promoter regions of GA-responsive genes, and their DNA-binding ability can
be inhibited upon interaction with the GA-GID1 complex, even in the absence
of SCFSLY1/GID2 activity (Davière and Achard, 2013). Various observations
suggest that membrane-bound GA receptor(s), similar to that of BRs, may be
present in plants but none have been discovered thus far (Ueguchi-Tanaka
et al., 2007). Furthermore, analysis of the site of synthesis and the site of
accumulation of GAs at the whole plant level suggested that GAs are likely to
be transported between cells. Nonetheless, the GA transport mechanisms are
not fully understood (Sun, 2008).
Figure 1.6 – Gibberellin (GA) signalling pathway. In the absence of GAs,
DELLAs are constantly repressing the expression of the GA-responsive genes.
This repression is alleviated in the presence of bioactive GAs when GAs bind to
the GA-INSENSITIVE DWARF 1 (GID1) and induces conformational changes of
GID1 to now be able to bind to DELLAs. DELLAs bound by GID1 undergo slight
conformational changes at a specific domain (GRAS domain), which
subsequently allows it to be recognised by the F-box protein (SLEEPY 1 - SLY1) of
the SCFSLY1 ubiquitin-ligase complex. Consequently, DELLAs will be
ubiquitinated by the SCFSLY1 and be degraded by proteasome while the
GA-responsive genes are now activated.
In short, great progress in understanding the biosynthesis, signalling,
transport and regulation of auxins, BRs and GAs have been achieved in the
past few decades. As a result, most of the key transcriptional regulators
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responsive to auxin, BR and GA respectively have been identified. This has
allowed for the discoveries of crosstalk between the plant growth hormones,
as well as with other plant hormones, in regulating plant development under
normal and stressful growth conditions. However, continuing research on
each of the hormones is necessary to improve our understanding on the
functions and regulations of these plant growth hormones. In particular,
studies on the auxin biosynthetic pathway, the missing links between BR
synthesis and perception, and the GA transport mechanisms are all critical.
Nevertheless, the increasing numbers of hormonal crosstalk demonstrated in
the past decade has gradually unfolded the complexity of plant hormonal
signalling networks in regulating plant growth and development. To
demonstrate how broad and intertwined the plant hormonal signalling
networks can be, examples of crosstalk between GAs and other plant
hormones are explored next.
Crosstalk between other plant hormones and GA signalling pathways
Almost all plant hormones have been found to interact with one another, be it
directly or indirectly, in regulating plant growth and development under
various growth conditions. Therefore, it is beyond the scope of this thesis to
comprehensively discuss all of the hormonal interactions identified to take
place in plants. Since GA biosynthetic pathways are known and its response
signalling pathway is relatively more straightforward in comparison to BRs, it
has been chosen as a focus to demonstrate the complexity and prevalence of
hormonal crosstalk in plant growth regulation.
Growth promoting effects of GAs and auxins are interdependent. For
instance, GA-induced degradation of DELLAs for promoting root growth in
Arabidopsis is delayed in the absence of auxin, which suggests that the root
growth-promoting effects of auxin could be mediated by influencing the
degradation rate of DELLAs in the presence of GAs (Fu and Harberd, 2003).
Besides, analysis of GA-deficient mutants revealed that GAs can regulate the
abundance of PIN proteins and the presence of GAs is necessary for
auxin-transport dependent growth and development to function normally
(Willige et al., 2011). Interestingly, the Aux/IAA-ARF signalling components
of auxin directly regulate the GA biosynthetic genes expression, where it
promotes the transcription of GA20ox and GA2ox in Arabidopsis (Frigerio
et al., 2006). Consequently, GA treatment can reverse the phenotype of
specific gain-of-function Aux/IAA alleles in Arabidopsis. Furthermore, recent
36 Introduction
Arabidopsis hypocotyl transcriptomic profiling confirms that auxins’ growth
promoting effects are partially dependent on GAs (Chapman et al., 2012).
While both auxin and DELLAs can induce GA levels and affect GA pathway,
studies in peas suggest that the auxin effects on GA levels and pathway are
likely to be independent of DELLAs (O’Neill et al., 2010; Reid et al., 2011).
However, whether or not this observation is species-dependent deserves
further investigation.
The common altered phenotypes (dwarfism and delayed flowering) shared
between the GA-deficient mutants and the BR-deficient mutants suggest
crosstalk between GA and BR. Systematic analysis combining genetic and
molecular biology studies subsequently reveal that DELLAs and BZR1, which
are the key transcriptional regulators involved in GA and BR signalling
pathways respectively, can directly interact with one another (Bai et al., 2012;
Gallego-Bartolomé et al., 2012; Li et al., 2012). This physical interaction
between DELLA and BZR1 prevents BZR1 from binding to the promoter
regions of BR-responsive genes (Gallego-Bartolomé et al., 2012). Thus, the
altered phenotype of BZR1 overexpression can be suppressed by
overexpression of DELLA proteins (Li et al., 2012). Besides, functional BR
signalling is needed for GAs to promote cell elongation in Arabidopsis
seedlings while the dwarfism phenotype of GA-deficient mutant can be
rescued by BR treatment or overexpression of BZR1 (Bai et al., 2012). Most of
these genes co-regulated by GAs and BRs are involved in light responses,
chloroplast function and photosynthesis, as well as cell wall synthesis.
The crosstalk between GAs and JA has also been described during the past
decade. The JA signalling pathway is very similar to that of GAs and auxins
(Figure 1.7). In the absence of JA, JA ZIM-DOMAIN FAMILY PROTEINS
(JAZs) bind to the key JA-responsive transcription factor - MYC2 and prevent
it from regulating JA-responsive gene expression (Chini et al., 2007). When JA
is present, it binds to a F-box protein CORONATINE INSENSITIVE 1 (COI1)
that forms part of the SCF ubiquitine-ligase complex (Yan et al., 2009). The
activated SCFCOI1 will target the JAZs for degradation (Thines et al., 2007)
and hence, activating the transcription of JA-responsive genes. Interestingly,
one of the genes that can be activated by MYC2 is REPRESSOR OF
GA1-3-LIKE 3 (RGL3), which is one of the five DELLAs found in Arabidopsis
(Wild et al., 2012). Additionally, Hou et al. (2010) demonstrated that DELLAs
can physically interact with JAZs and promote MYC2 to activate
JA-responsive genes and this is reversed when GAs are added to degrade
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Figure 1.7 – An example of jasmonic acid (JA) signalling pathway. Without JA,
JA ZIM-DOMAIN FAMILY PROTEINS (JAZs) are constantly bound to MYC
DOMAIN TRANSCRIPTION FACTOR 2 (MYC2), preventing it from activating
the expression of the JA-responsive genes. This repression is alleviated in the
presence of bioactive JA where JA can bind to the CORONATINE INSENSITIVE
1 (COI1) F-box protein of the SCFCOI1 ubiquitin-ligase complex through direct
physical interaction. The binding of JA to COI1 activates the SCFCOI1 complex to
specifically ubiquitinate the JAZs for degradation by proteasome. Consequently,
MYC2 is now free to activate the JA-responsive genes.
DELLAs. This provides a positive feed-forward regulation to promote
JA-signalling responses in Arabidopsis. Furthermore, JA can delay the
GA-induced DELLA degradation. Taken together, the overall effect of JA on
GA signalling pathway allows plants to prioritize defense response over
growth during wounding and biotic stress conditions (Yang et al., 2012).
In addition to crosstalk discussed above (summarised in Figure 1.8), it is
well-documented that ABA acts antagonistically to GAs in regulating seed
germination, growth and flowering time. However, the molecular details
behind this ABA-GA relationship are not very well defined yet, though
numerous models have been hypothesised (Achard et al., 2006; Colebrook
et al., 2014). Besides, GA also interacts with other hormones such as ethylene
and cytokinins in a more complex manner, which will not be discussed here
[see review by Weiss and Ori (2007) for further details].
The different hormonal signalling pathways present in plants are not
mutually exclusive. Instead, they communicate and influence the activities of
one another. Consequently, based on their environmental growth conditions,
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Figure 1.8 – Hormonal crosstalk between gibberellins (GAs) and auxins,
brassinosteroids (BRs) or jasmonic acid (JA) signalling pathways. A) Auxins
can regulate the expression of some GA biosynthetic enzymes such as
GA-20-OXIDASES (GA20ox) and GA-2-OXIDASES (GA2ox). Besides, auxins also
promote the degradation of DELLAs by GAs, which was shown to be delayed in
the absence of auxin. In return, GAs can affect auxin distribution at the whole
plant level by regulating the abundance of PIN proteins, which are auxin
transporters. B) DELLAs can interact with the BRASSINAZOLE RESISTANT 1
(BZR1) transcription factor that regulates the expression of brassinosteroid
(BR)-responsive genes, preventing it from activating those genes. C) Besides,
DELLAs can also interact with JA ZIM-DOMAIN FAMILY PROTEINS (JAZs)
and preventing it from inhibiting the activities of MYC DOMAIN
TRANSCRIPTION FACTOR 2 (MYC2). As a result, JA-responsive genes
expression are promoted by MYC2, which includes some of the DELLAs,
allowing a feed-forward regulation of JA-responsive genes. The presence of GAs
promotes the degradation of DELLAs and hence, reverses the inhibitory effects of
DELLAs on BZR1 and JAZs. See in-text for relevant references.
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different plant hormones will be activated or repressed to different extents
and the net effects will determine plant morphology, growth rate and stress
responses.
1.5 SAL1 in Arabidopsis thaliana
1.5.1 SAL1 function
Arabidopsis SAL1 is a phosphatase and a homologue of HAL2 that was first
characterised in yeast. Both proteins function in sulfur metabolism (Murguía
et al., 1995). The enzymatic activity can be inhibited by sodium and lithium
salts. Murguía et al. (1995) demonstrated that overexpressing HAL2 in yeast
was sufficient to improve its salt tolerance, presumably since higher salt
concentration was needed to inhibit the overexpressed HAL2. Subsequently, it
was shown that the Arabidopsis SAL1 could complement the activity of
HAL2 in yeast (Quintero et al., 1996). Apart from its activity against
3’-phosphoadenosine-5’-phosphate (PAP), the Arabidopsis SAL1 protein was
also found to have activity against 1-phosphate of inositol polyphosphate in
vitro (Quintero et al., 1996).
Multiple lines of evidence, particularly the accumulation of PAP and PAPS
(Lee et al., 2012) but not inositol polyphosphate (Estavillo et al., 2011) in sal1,
demonstrated that the major substrate for the Arabidopsis SAL1 protein in
vivo is PAP/PAPS and this enzyme is localised to the chloroplasts and
mitochondria (Estavillo et al., 2011). SAL1 is expressed in all cell types
throughout Arabidopsis development, with higher expression in vascular or
veins of leaves and stamens of flowers (Xiong et al., 2001). Similar to yeast,
SAL1 is involved in sulfur metabolism in Arabidopsis. Generally, sulfur
metabolism can be traced down to the initial uptake of the water-soluble
sulfate by the roots into the plant cells, which is subsequently conjugated to
ATP to form adenosine phosphosulfate (APS). APS can then be utilised via
primary sulfur metabolism to synthesise important sulfur-containing
molecules such as the amino acids cysteine and methionine as well as the
important ROS scavenger - glutathione. Concurrently, APS can also enter into
secondary sulfur metabolism to make 3’-phosphoadenosine 5’-phosphosulfate
(PAPS), which is a substrate for SULFOTRANSFERASES (SOTs) to transfer
the sulfate group to other acceptor molecules like plant hormones - salicylic
acid (SA) and BRs, via the catalysis of ADENOSINE PHOSPHOSULFATE
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Figure 1.9 – Simplified sulfur metabolism
pathway in Arabidopsis to illustrate the
function of SAL1 (highlighted in yellow box).
Sulfur metabolism in plants commences upon the
uptake of sulfate by the roots. Sulfate will be
conjugated to adenosine triphosphate (ATP) for
forming adenosine phosphosulfate (APS). APS
can either be utilised by primary sulfur
metabolism or secondary sulfur metabolism. To
enter into secondary sulfur metabolism
(highlighted in grey box), APS is converted by
APS KINASE (APK) proteins to form
5’-phosphoadenosine-3’-phosphosulfate (PAPS),
which allows the sulfate group to be transferred
to other acceptor molecules via
SULFOTRANSFERASES (SOTs). As a result,
3’-phosphoadenosine-5’-phosphate (PAP) is
generated, which needs to be degraded by SAL1
to recycle the adenosine monophosphate (AMP)
and inorganic phosphate (Pi).
KINASE (APK) proteins. Upon transferring the sulfate group to other
molecules, PAP is produced and is recycled into adenosine monophosphate
(AMP) and inorganic phosphate (Pi) by SAL1 (Chan et al., 2013). Therefore,
SAL1 is commonly regarded as a protein that degrades the by-product of the
secondary sulfur assimilation pathway (Figure 1.9).
1.5.2 The Arabidopsis sal1 mutants and phenotypes
Numerous forward genetic screens for different altered phenotypes in
Arabidopsis were eventually mapped to the same gene - SAL1. One of the
first Arabidopsis sal1 mutants, fiery1 or fry1, was isolated based on a screen
for mutants with constitutively higher expression of an ABA-responsive stress
gene (RD29A) (Xiong et al., 2001). Similarly, one of the mutants characterised
to have altered expression of a stress-responsive gene (APX2) in Arabidopsis
was identified to be a sal1 mutant (alx8) (Rossel et al., 2006). Subsequently,
mutations in SAL1 were also found to cause the following mutant
phenotypes: rounded leaves phenotype with open venation patterning (ron1)
(Robles et al., 2010), deregulated chloroplast enzyme activities involved in JA
biosynthesis (fou8) (Rodríguez et al., 2010), and suppression of PIN1
overexpression phenotypes (supo1) (Zhang et al., 2011).
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Detailed analyses of the different sal1 knockout mutants (fry1, ron1, fou8,
supo1) by scientists of different interests around the world have highlighted a
few key altered phenotypes of sal1. Generally, Arabidopsis with
loss-of-function mutation(s) in SAL1 has altered rosette morphology - with
rounded, serrated and undulated leaf shape, thicker leaves and much shorter
petiole resulting in an overall more compact rosette morphology (Wilson
et al., 2009). They have slower developmental rate compared to the wild-type
Arabidopsis, which also causes them to flower later and slower (Kim and von
Arnim, 2009). Higher number of rosette leaves at the time of bolting were
consistently recorded in sal1 relative to wild-type, regardless of the ecotype
background (Kim and von Arnim, 2009; Robles et al., 2010). Additionally, sal1
was observed to have compromised apical dominance based on its increased
number of secondary inflorescences compared to wild-type (Robles et al.,
2010). Normal (but sometimes reduced) primary root length with reduced
and delayed lateral root growth but longer root hairs were also described for
the sal1 mutant (Robles et al., 2010; Hirsch et al., 2011; Zhang et al., 2011).
Despite the developmental phenotypes, soil-grown adult sal1 can survive
50 % longer than wild-type during drought (no watering) by retaining water
more efficiently and maintaining photosynthetic activity (Rossel et al., 2006;
Wilson et al., 2009). The improved drought tolerance of sal1 is likely to be
contributed by its higher anthocyanin (a potent antioxidant pigment) content
(Rodríguez et al., 2010) and higher accumulation of various osmoprotectants
such as putrescine and sugars (Wilson et al., 2009) relative to wild-type
Arabidopsis. Additionally, transcriptomic profiling revealed that many
stress-responsive genes were up-regulated in the sal1 mutant, with only a few
being ABA-inducible (Wilson et al., 2009). Besides, microarray analysis also
suggested that many hormone-responsive genes are mis-regulated in the sal1
mutant; however hormonal treatment did not rescue the growth phenotype of
sal1 (Robles et al., 2010).
Phenotypic complementation analyses of double or triple mutants,
generated by crossing the sal1 mutants with other well-characterised
Arabidopsis mutants, have been attempted for investigating the molecular
basis behind the many altered phenotypes of the sal1 mutant. The most
straight forward crosses that partially, if not fully, rescued the sal1 altered
phenotype were with the adenosine phosphosulfate kinase (apk) mutants
(Rodríguez et al., 2010). In the apk mutants, less APS can be converted into
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PAPS and therefore, less PAP will be produced (Mugford et al., 2009). Hence,
crossing the apk mutants with the sal1 mutant could reduce the overall PAP
accumulation in the plants (Lee et al., 2012), thereby restoring the altered
phenotype of the sal1 mutant (Rodríguez et al., 2010).
1.5.2.1 SAL1 and light
The petiole length of Arabidopsis can be associated with light perception and
responses of the plants. For example, increase in hypocotyl and petiole length
is promoted under low light or shaded growth condition as a shade avoidance
response in plants (Sasidharan et al., 2010). Since the Arabidopsis sal1 has
very short petioles, it may have altered light perception or responses. Kim and
von Arnim (2009) showed that sal1 hypocotyl elongation responded similarly
to wild-type under white light, but was hypersensitive to low intensity red
light, and to a lesser extent far red and blue lights respectively. Crossing a
light perception mutant, phytochorme b (phyb), which has much longer petioles
than wild-type Arabidopsis, with the sal1 mutant yielded a partial reversion
of the altered sal1 rosette morphology. Additionally, Chen and Xiong (2011)
demonstrated that an additional long hypocotyl 5 (hy5) mutation in the sal1
mutant can suppress the enhanced light sensitivity of sal1 hypocotyl
elongation, but not its altered rosette phenotype, while restoring lateral root
growth of the sal1 mutant as well. This suggests that sal1 may indeed have
some altered light perception, signalling or response that is partially mediated
by PHYTOCHROME B (PHYB) and LONG HYPOCOTYL 5 (HY5), but mostly
through some yet to be identified pathway or mechanism. The potential
involvement of SAL1 in light perception and signalling could also be inferred
from its light-dependent transcriptional activation (Kim and von Arnim,
2009). Nonetheless, no work thus far could conclusively pinpoint or rule out
the role of SAL1 and PAP in light perception and/or light signalling in plants.
1.5.2.2 SAL1 and plant hormones
Partial phenotypic reversion of sal1 has also been achieved by crossing the sal1
mutant with the allene oxidase synthase (aos) mutant, which has impaired JA
biosynthesis and accumulation (Rodríguez et al., 2010). Specifically, the
resulting double mutants have rosette morphology that is partially reverted to
wild-type-like, specifically the rosette is less compact and has less
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Figure 1.10 – Summary of the Arabidopsis sal1 altered phenotypes characterised
worldwide. The Arabidopsis sal1 mutant has rounder leaves, shorter petiole and more
compact rosette morphology than the wild-type (WT) plants (in pink box). Besides, they
have altered venation patterning, which is a typical phenotype of mutants with
perturbed auxin homeostasis (in blue box). Additionally, the sal1 mutant has delayed
lateral root formation, longer root hairs, delayed flowering and increased shoot
branching (directly below the pink and blue boxes). Under low light conditions, sal1 has
shorter hypocotyl length compared to the WT seedlings (gray box). However, this altered
hypocotyl length together with the rate of lateral root formation can be reverted when an
additional mutation in the LONG HYPOCOTYL 5 (HY5) gene was introduced (gray and
purple box respectively); but not the rosette morphology (below purple box). The sal1
altered rosette morphology can be partially reverted when crossed with apk1 apk2 double
mutant, phyB mutant, and aos mutant respectively. ABBREVIATIONS: apk, adenosine
phosphosulfate kinase; phyB, phytochrome B; aox, allene oxidase synthase. Photos
adapted from Estavillo et al. (2011); Robles et al. (2010); Chen and Xiong (2011);
Rodríguez et al. (2010); Kim and von Arnim (2009)
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anthocyanin accumulation but remain smaller than wild-type. Since sal1 has
higher basal levels of JA than wild-type, the partial morphological reversion
by aos suggests that part of the altered rosette morphology phenotype of sal1
is contributed by the over-accumulation of JA. Studies on leaves and
vennation patterning as well as lateral root formation of the sal1 mutant
revealed that they shared similarities to Arabidopsis mutants with altered
auxin homeostasis (Robles et al., 2010). Furthermore, reduced expression of
DR5-GUS upon auxin treatment in the sal1 mutant background relative to
wild-type suggested that auxin responses and/or homeostasis in sal1 is
impaired (Chen and Xiong, 2010; Robles et al., 2010). Nonetheless, levels of
IAA and conjugated IAA were quantified to be similar between wild-type and
sal1 seedlings (Chen and Xiong, 2010).
Apart from JA and auxin, sal1 knockouts also induced altered responses
towards exogenous ethylene and ABA. Specifically, repression of hypocotyl
elongation was reported to be less pronounced in sal1 than in wild-type when
the plants were treated with ethylene precursors, which can be partially
rescued by additional knockout mutations in EBFs (Chen and Xiong, 2010).
Meanwhile, hypersensitivity towards ABA treatment during seed germination
of sal1 was also observed (Xiong et al., 2001). Nonetheless, no changes in
response toward BR was observed in sal1 in comparison to wild-type
although significant enrichment in BR target genes was detected in the sal1
microarray data (Robles et al., 2010). Although multiple evidence suggesting
for the potential interaction between SAL1/PAP and plant hormonal
signalling were presented in the past decade or so, the physiological relevance
of SAL1/PAP interaction with hormonal signalling in regulating plant growth
and development remain a mystery. Furthermore, whether the absence of
functional SAL1 had any effects on other plant hormones’ biosynthesis
and/or signalling was not yet systematically dissected.
In essence, Arabidopsis sal1 has many altered phenotypes, from root to
shoot, and it has delayed development but improved drought tolerance when
compared to the wild-type plants (Figure 1.10). A combination of genetic,
biochemical and phenotypic analyses on the various sal1 single, double and/or
triple mutants have definitely improved our understanding of the molecular
basis underlying the altered phenotypes of sal1. Nonetheless, there is still
much work to be done before we can start engineering drought tolerant plants
by manipulating SAL1.
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1.5.3 SAL1 substrate PAP and its biological function
Since it is known that PAP accumulates in the sal1 mutant, there is interest in
how PAP-related mechanisms may be linked to the many altered phenotypes
of sal1. It was reported in yeast that PAP can inhibit the activities of 5’- 3’
EXORIBONUCLEASES (XRNs), which are important for RNA processing, in
particular, by degrading the uncapped RNA (Dichtl et al., 1997).
Subsequently, various evidence collected in Arabidopsis suggested that PAP
could have the same inhibitory effects on XRNs in plants. For example, the
Arabidopsis sal1 mutants share similar altered rosette morphology with the
Arabidopsis exoribonuclease2-1 exoribonuclease3-3 (xrn2-1xrn3-3) double
mutants (Gy et al., 2007). Additionally, microarray data analyses on the sal1
mutant and the xrn2-1xrn3-3 double mutants revealed that more than 50% of
genes altered in expression in each of the mutants are co-expressed (Estavillo
et al., 2011). In wild-type Arabidopsis, PAP accumulates during drought and
high light stresses (Estavillo et al., 2011).
Therefore, PAP could act as a chloroplast retrograde signal during abiotic
stresses; that is, upon encountering stress in chloroplasts that compromised
photosynthetic activity, PAP is generated to relay the message from the
chloroplast to the nucleus to induce nuclear responses to counteract the
adverse impact of stress on the chloroplast. A PAP transporter localised to the
chloroplast membrane was recently identified (Gigolashvili et al., 2012).
Although SAL1 is normally localised to the chloroplast and mitochondria,
targeted expression of SAL1 in cytoplasm and nucleus respectively could
equally rescue the sal1 altered phenotypes (Estavillo et al., 2011).
Furthermore, the XRNs inhibited by PAP were found in cytoplasm and
nucleus, and a significant proportion of the co-regulated genes in sal1 and
xrn2-1xrn3-3 are involved in drought stress responses (Estavillo et al., 2011).
Since PAP accumulates during abiotic stresses and it can move across cellular
compartments, causing changes at the transcriptional level in
stress-responsive genes, it was proposed as a drought retrograde signal that
moves from the chloroplast (which is the site of its degradation) to the
cytoplasm and the nucleus (where XRNs are present) to regulate
stress-responsive gene expression during drought (Estavillo et al., 2011; Chan
et al., 2013).
In addition to XRNs, in vitro assays suggested that PAP can inhibit the
activities of SOTs, NUCLEOTIDE DIPHOSPHATE KINASE (NDPK), a
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number of nucleases and polyADP-ribose polymerase 1 (PARP-1) (Toledano
et al., 2012). PAP was also recently found to be capable of repressing
translation (Hudson et al., 2013). Comparisons between the characterised
functions or phenotypes of the Arabidopsis ndpk mutants, parp mutants and
the sal1 mutant may provide some leads to the physiological relevance of PAP
inhibition of these proteins in plants. For example, NDPK were found to be
involved in light, auxin and ROS signalling in Arabidopsis (Choi et al., 1999;
Shen et al., 2005; Choi et al., 2005; Verslues et al., 2007), while the Arabidopsis
parp mutants were found to be more drought tolerant due to improved
energy-use efficiency (De Block et al., 2005). Hence, the PAP targets suggested
by in vitro assays may be physiologically relevant, contributing to the altered
sal1 phenotypes, but these have to be experimentally verified.
1.5.4 Summary and prospects of SAL1-PAP function in plants
SAL1 is a phosphatase that is conserved in almost all species, from unicellular
organisms such as bacteria and yeast, up to complex organisms like plants
and humans (Chan et al., manuscript in preparation). In Arabidopsis, the
SAL1 transcript is induced by light (Kim and von Arnim, 2009) and it can be
found in nearly all cell types throughout plant development, with more
expression detected in the vascular (leaf veins) and stamens of Arabidopsis
(Xiong et al., 2001). The primary substrate of Arabidopsis SAL1 is PAP
(Estavillo et al., 2011), which is a by-product of the secondary sulfur
metabolism (Chan et al., 2013). The absence of functional SAL1 in
Arabidopsis yielded mutants with pleiotropic altered phenotypes as a
consequence of PAP accumulation (Wilson et al., 2009). Characterisation of
these sal1 mutants has so far indicated that sal1 altered morphology and
development may be associated with JA over-accumulation (Rodríguez et al.,
2010), altered auxin homeostasis (Robles et al., 2010; Zhang et al., 2011), and
altered light signalling and/or perception in the plants (Kim and von Arnim,
2009; Chen and Xiong, 2011). sal1 responses towards external GAs and BL
treatment were normal when tested at seedling stage (Kim and von Arnim,
2009). Importantly, sal1 is also characterised to be a drought tolerant mutant
(Wilson et al., 2009).
Identifying the mechanisms contributing to all the altered phenotypes of
sal1 may improve our understanding and potentially uncover novel signalling
pathways in plants that link chloroplast signalling to not only drought
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tolerance, but development as well. Ultimately, understanding the molecular
basis behind sal1 drought tolerance will allow us to understand and hopefully
engineer drought tolerant crop species without deleterious yield or
developmental impacts.
1.6 Aims of thesis
This project aimed to continue the investigation of the molecular bases behind
the many altered phenotypes of the Arabidopsis sal1 mutant and determine if
it is possible to engineer drought tolerant plants by manipulating the temporal
and developmental expression of SAL1. To achieve this goal, a list of more
specific objectives follows:
(I) Manipulating PAP levels by fine-tuning SAL1 expression
To engineer drought tolerant plants without compromising plant growth and
development by manipulating the SAL1 gene, two complementary strategies
involving genetically modifying either the wild-type or sal1 were tested to
specifically express the SAL1 gene during early developmental stages but
repress SAL1 expression once the Arabidopsis plant is established.
(II) Investigating crosstalk between PAP and hormonal signalling
To investigate the extent of crosstalk between PAP and hormonal signalling in
Arabidopsis, transcriptomic analyses for enrichment of hormone-related
genes and hormonal profiling of the Arabidopsis sal1 were performed. The
hormones which were affected in the sal1 mutant in terms of abundance and
associated transcripts, were further investigated by quantifying the
phenotypic changes induced by treating the sal1 mutant with the respective
hormone(s)/chemical(s) at different stages of development.
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Chapter 2
Materials and methods
2.1 Plant material and growth conditions
2.1.1 Plant material
The Arabidopsis thaliana ecotype Col-0 was used as the wild-type control in
this thesis. The Arabidopsis sal1 null mutant alleles used in this work were
alx8 (a point mutation - CS66977) and fry1-6 (a T-DNA mutant from ABRC
seed stock - SALK_020882), which were both in Col-0 background and have
similarly higher PAP levels than the wild-type Col-0. fry1-6 and Col-0 were
used for generating relevant transgenic lines as detailed in later sections in
this chapter unless stated otherwise.
2.1.2 Soil-based growth
All plants were grown on soil with the following composition: 3 g of
Osmocote Exact Mini (Scotts, Australia) supplemented into 1 L of pasteurised
Seedling Raising Mix (Debco, Australia) and the mixture was treated with 250
mL 0.3% (v/v) Azamax (Organic Crop Protectans, Australia) insecticide
solutions. Seeds were sown onto the soil, covered with plastic hood or cling
wrap to retain moisture and stratified at 4◦C in dark for two to four days
before transferring to growth chambers. The plastic hood or cling wrap was
removed when the seedlings were established. Unless otherwise stated, the
general growth conditions used in this work were 16 hours photoperiod at
22-25◦C, humidity of ±55% and a light intensity of about 100-150 µE.
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2.1.3 Medium-based growth
Murashige and Skoog (GibcoBRL, MD USA) (MS) agar medium used
commonly in this work consist of either 4.3 g/L MS salts with vitamins (for
full strength MS) or 2.15 g/L MS salts with vitamins (for half-strength MS),
supplemented with 2% sucrose, 0.8% agar (Sigma-Aldrich, USA) and had its
pH adjusted to 5.8 with 1 M NaOH. Seeds were sterilised using chlorine gas
method, where aliquots of seeds were co-incubated in a dessicator together
with a beaker of 99% (v/v) bleach : 1% (v/v) concentrated hydrochloric acid
(HCl) solutions for two to four hours, which had to be performed in the fume
cupboard. Seeds were then washed once with 80% (v/v) ethanol followed by
three times with autoclaved MilliQ water before storing at 4◦C in dark for
three to four days in water. After that, seeds were resuspended in 0.1%
agarose, sown on the MS plates and the plates were sealed with 3M
micropore tape (Carolina Biological, USA) before putting out to light under
the growth conditions described in previous section. All the procedures were
conducted in a biosafety cabinet to minimise contamination. Appropriate
antibiotic(s) and/or herbicide(s) were added into the medium after
autoclaving and cooling to approximately 60◦C for transgenic selections.
2.2 Microbial strains and growth conditions
DH5α strain of Escherichia coli was used for almost all plasmid propagation,
except for those plasmid expressing the toxic ccdB gene product that required
either XL1-Blue or DB3.1 resistant E.coli strains for propagation. All E.coli
strains mentioned above were originally obtained as chemical-competent
stocks from either Life Technologies (USA), New England BioLabs (USA) or
Thermo Scientific (USA), which subsequently propagated and maintained
in-house.
For Agrobacterium-mediated transformation of Arabidopsis via floral
dipping method, C58 Agrobacterium strains were used as the plasmid carrier
(Hellens et al., 2000). Electrocompetent cells of these Agrobacterium strains
were prepared in-house (detailed protocol was provided in later section of
this chapter).
All E. coli strains were propagated at 37◦C on sterile lysogeny broth (LB)
[5 g/L NaCl, 10 g/L peptone, 5 g/L yeast extract], which was supplemented
with 2% agar for plate-based culture. Agrobacterium strains were grown in LB
§2.3 Generation of transgenic organisms 51
media, with or without 2% agar, at 28◦C.
2.3 Generation of transgenic organisms
2.3.1 Amplification of DNA
2.3.1.1 Primer design
Primers for amplification of plant promoters were selected based on
published literature, and generally amplified the intergenic region between 3’
UTR of the upstream gene and start codon of the target gene. When
amplifying plant genes of interest, primers were designed to amplify from the
start codon to the stop codon of the respective gene. Desired restriction site(s)
were added at the 5’ end of the primers, taking into account of digestion
efficiency regarding cleavage close to end of DNA fragment (chart can be
found from New England BioLabs (NEB) website). Primers for amplifying
SAL1-targeting hpRNAi and amiRNA fragments were kindly provided by Dr.
Wannarat Pornsiriwong (2011). A list of primers used for cloning in this thesis
can be found in Table 2.1.
2.3.1.2 Agarose gel electrophoresis
A 3 µL aliquot of polymerase chain reaction (PCR) amplification products was
mixed with 0.5 µL of 6× loading buffer [50% Glycerol, 0.1 mM EDTA pH8.0,
Bromophenol Blue] and resolved on a 1% w/v agarose gel, prepared and run
in 1× TBE [89mM Tris base, 89 mM Boric acid, 2 mM EDTA pH8.0], with 1
µM ethidium bromide added to the gel for visualization of DNA under UV
light. Samples were run on the gel for 15 mins at 180 V in Super120 Screener
(6MGel) trays together with 100 bp and/or 1000 bp DNA ladder (NEB, USA).
Band patterns were visualized using the GelDoc System UV transilluminator
(Fisher Biotech, USA).
Name Sequence (5’-3’) Description
SAL1-RNAi-F2 AGAGGACTCAGGCGATCTAC Forward primer for cloning SAL1-targeting fragment of the SAL1hpRNAi
construct
SAL1-RNAi-R2 CTTTTAGTGCCATCAATTGG Reverse primer for cloning SAL1-targeting fragment of the SAL1hpRNAi
construct
Primer A CTGCAAGGCGATTAAGTTGGGTAAC Forward primer for cloning SAL1-targeting amiRNA constructs
Primer B GCGGATAACAATTTCACACAGGAAACAG Reverse primer for cloning SAL1-targeting amiRNA constructs
amiRNA339-F GATGACTAAACTAACAACTGCTCTCTCTCTTTTGTATTCC Forward primer for cloning SAL1-targeting (around 339bp region of SAL1
full length cDNA) amiRNA construct [fragment (III) of Figure 3.13A]
amiRNA339-R GAGAGCAGTTGTTAGTTTAGTCATCAAAGAGAATCAATGA Reverse primer for cloning SAL1-targeting (around 339bp region of SAL1 full
length cDNA) amiRNA construct [fragment (IV) of Figure 3.13A]
amiRNA*339-F GAGAACAGTTGTTAGATTAGTCTTCACAGGTCGTGATATG Forward primer for cloning SAL1-targeting (around 339bp region of SAL1
full length cDNA) amiRNA construct [fragment (I) of Figure 3.13A]
amiRNA*339-R GAAGACTAATCTAACAACTGTTCTCTACATATATATTCCT Reverse primer for cloning SAL1-targeting (around 339bp region of SAL1 full
length cDNA) amiRNA construct [fragment (II) of Figure 3.13A]
amiRNA1002-F GATAAACCGTAAGTATATAGCTCTCTCTCTTTTGTATTCC Forward primer for cloning SAL1-targeting (around 1002bp region of SAL1
full length cDNA) amiRNA construct [fragment (III) of Figure 3.13A]
amiRNA1002-R GAGAGCTATATACTTACGGTTTATCAAAGAGAATCAATGA Reverse primer for cloning SAL1-targeting (around 1002bp region of SAL1
full length cDNA) amiRNA construct [fragment (IV) of Figure 3.13A]
amiRNA*1002-F GAGAACTATATACTTTCGGTTTTTCACAGGTCGTGATATG Forward primer for cloning SAL1-targeting (around 1002bp region of SAL1
full length cDNA) amiRNA construct [fragment (I) of Figure 3.13A]
amiRNA*1002-R GAAAAACCGAAAGTATATAGTTCTCTACATATATATTCCT Reverse primer for cloning SAL1-targeting (around 1002bp region of SAL1
full length cDNA) amiRNA construct [fragment (II) of Figure 3.13A]
SAL1cDNA_PacI
_F
GCTTAATTAAATGATGTCTATAAATTGTTTTC Forward primer for amplifying SAL1 cDNA
SAL1cDNA_R_
AvrII_SpeI
AGACTAGTAGCCCTAGGTCAGAGAGCTGAAGCTTTCTC Reverse primer for amplifying SAL1 cDNA
NOST_F_AvrII CAAGATCTGCTCATGAATTTCCCCTAGGATCGTTCAAACATTTGGC Forward primer for cloning nos terminator. Obtained from Jacinta Watkins,
contained other restriction site(s) irrelevant to this thesis (not underlined).
NOST_R_SpeI AGACTAGTAATTCAGTAACATAGATGAC Reverse primer for cloning nos terminator
ABI3pro_F CACCTGGTGATCGGAAAATCCGAGG Forward primer for amplifying ABI3 promoter
ABI3pro_R AAACTAGATTGGTGGAGAGAGAAAA Reverse primer for amplifying ABI3 promoter
PEI1pro_F CACCCCTTGTAAACTGGCATAAATTCTGA Forward primer for amplifying PEI1 promoter
PEI1pro_R TTTCCTTGCAATGATCTAAAGAGTT Reverse primer for amplifying PEI1 promoter
LEC1pro_F CACCCTTTATGGGCTGCTTGTTC Forward primer for amplifying LEC1 promoter
LEC1pro_R TGTTTCTCTGCCGTCTTTT Reverse primer for amplifying LEC1 promoter
Table 2.1 – Details of cloning primers used in this thesis. Restriction sites and CACC four nucleotides necessary for directional cloning added to the
primers for cloning purposes in this thesis were underlined and bold respectively. Primers for amplifying SAL1-targting hpRNAi and amiRNA fragments
were kindly provided by Dr. Wannarat Pornsiriwong (2011).
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2.3.1.3 High fidelity PCR
Phusion R© High Fidelity DNA polymerase from NEB (USA) was used for
cloning and sequencing purposes to ensure accuracy of the PCR amplification
products. In brief, PCR mix with a final volume of 20 µL for cloning purposes
consisted of around 100 ng plasmid DNA or cDNA mixture template, 0.5 µM
of each forward and reverse primer, 200 µM dNTP mix, 1× Phusion High
Fidelity buffer (contained 1.5 mM Mg2+) and 0.5 units of Phusion DNA
polymerase. The PCR amplification conditions used were 98◦C for 30 s, 35
cycles of 10 s at 98◦C, 30 s at primers annealing temperature (varied between
primers) and 30 s per kb of expected product size at 72◦C, followed by 5 mins
at 72◦C for final extension before chilling at 12◦C at the end of the PCR cycle.
PCR was carried out on a T100TM Thermal Cycler (BioRad, USA).
2.3.1.4 Purification of PCR products
PCR products that showed a clean single band from the agarose gel
electrophoresis result were purified straight from the remaining PCR mixture.
However, for PCR products that showed multiple bands on the gel, the
remaining PCR products were run on a fresh 1% w/v agarose gel as before
and only the desired band was cut out from the gel using a clean blade for
subsequent purification. The PCR products were purified using the Wizard R©
SV Gel and PCR Cleanup Kit (Promega, USA) following manufaturer’s
instructions. In brief, gel slices were weighed and mixed with Membrane
Binding Solution (100 µL per 100 mg gel slice). After melting the gel slice at
65◦C, the mixture was incubated in a silica matrix microcentrifuge column for
3 mins to allow binding of the DNA to the column membrane. Alternatively,
an equal volume of Membrane Binding Solution was added directly to the
PCR mixture prior to incubation in the microcentrifuge column. Excess buffer
was removed by centrifugation at 14000 rpm for 1 min. The DNA bound to
the column were washed twice with Wash Solution as follows: first with 700
µL and centrifugation at 14000 rpm for 1 min, followed by 500 µL and
centrifugation at 14000 rpm for 5 mins. The column was dried further by
centrifuging at 14000 rpm for 1 min. Purified PCR products were eluted with
30 µL nuclease-free water, quantified and stored at -20◦C.
2.3.1.5 Quantification of nucleic acids
Purified nucleic acids (both DNA and RNA) concentration was determined
using a ND-1000 spectrophotometer (NanoDrop Technologies, USA), where
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the NanoDrop software calculate the concentration of nucleic acids using the
formula:
[NucleicAcid] = A×el
where A represents absorbance of the sample, e denotes the extinction
coefficient of the sample (50 for DNA, 40 for RNA) and l is the pathlength (0.1
cm). Purity of the DNA can be determined by the A260/A280 ratio, where a
ratio of 1.8 denotes an optimum DNA purity.
2.3.2 DNA vector manipulation and confirmation
2.3.2.1 Restriction enzyme digestion and ligation
All restriction enzymes and the T4-DNA ligase used in this project were from
NEB and the reactions were performed according to the manufacturer’s
instructions. To minimize self-religation of a digested vector, Alkaline
Phosphatase, Calf Intestinal (CIP) from NEB was used as per manufacturer’s
instructions to remove the phosphate group form 5’ ends of DNA strands.
In general, purified PCR products and DNA plasmid were digested
separately in either a 20 µL or 50 µL reaction consisting of 1× NEB Buffer
supplemented with 100 µg/mL BSA and 10 units of restriction enzyme at
37◦C for overnight. If more than one restriction enzymes with no compatible
1× NEB Buffer were required, digestions were carried out sequentially with
the digested product purified after each digestion step using the Wizard R© SV
Gel and PCR Cleanup Kit (Promega, USA) . Typically 1 µg PCR products and
3 µg DNA vectors were used per digest; and 1 µL of CIP was added straight
into the digest mixture after heat inactivation of the restriction enzyme and
incubated at 37◦C for one hour before the purification steps.
Ligation of the digested and purified DNA vector and/or PCR product(s)
was performed using a 3:1 insert:vector molar ratio. The following equation
was used to ensure the amount of inserts and vectors used were confined to
the desired ratio for ligation:
insert(ng) =
vector(ng)× insertsize(kb)
vectorsize(kb)
× insert
vector
ratio
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All ligation reactions (20 µL) were carried out at room temperature for
4 hours, and occasionally followed by overnight incubation at 4◦C, prior to
transformation into suitable E. coli strain using protocol detailed in section
2.3.3.3. Successful ligation products were confirmed by gel electrophoresis,
which sometimes involved digestion of the new plasmid DNA extracted from
the surviving bacterial colonies after transformation and antibiotic selection,
using the same or different restriction enzyme(s).
2.3.2.2 Gateway R© cloning
TOPO R© TA cloning - Apart from restriction enzyme digestion and ligation,
the purified PCR products can be inserted into entry vector via TOPO R© TA
cloning method (Life Technologies, USA). 3’ A-overhangs were required for the
reaction to take place and since the Phusion DNA polymerase leaves blunt ends
to PCR products, addition of the 3’ A-overhangs to the purified PCR products
was necessary. Therefore, purified PCR products were incubated with 0.2 mM
dATP and 1 unit Taq DNA polymerase in 1× ThermoPol R© Buffer in a 30 µL
reaction at 72◦C for 20 mins. After cooling on ice, 2 µL of the 3’ A-added PCR
product was mixed with 0.5 µL salt solution and 0.5 µL pCR R©8/GW/TOPO R©
TA cloning entry vector, incubated at room temperature for 15 mins and placed
on ice again before transforming into the appropriate chemically competent E.
coli cells (protocol in section 2.3.3.3).
pENTRTM directional TOPO R© cloning - To promote directional insertion
of PCR products into entry vectors (for promoter insertion in this thesis,
minimising the number of colonies to be screened for subsequent LR cloning),
pENTRTM directional TOPO R© cloning kits from Life Technologies (USA) was
used. CACC four base pair sequences were added to the 5’ end of forward
primer designed to amplify the desired PCR insert. 2 µL of the resulting PCR
products were mixed with 1 µL of salt solution and 0.5 µL of pENTR vector,
incubated at room temperature for 15 mins before placing on ice until
transformation into appropriate chemically competent E. coli cells on the same
day (protocol in section 2.3.3.3).
Colony PCR To confirm the inserts are present in the surviving E. coli
transformants after appropriate antibiotic selection, a few individual colonies
were selected to resuspend in 10 µL sterile water for colony PCR. From this, 1
µL was used for PCR, but this time with polymerases where prof-reading is
not necessary. In addition to the 1 µL bacterial suspension, the PCR cocktail
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contained 1 µM of each forward and reverse primer, 200 µM dNTP mix, 1X
ThermoPol Reaction Buffer (20 mM Tris-HCl, 10 mM (NH4)2SO4, 10 mM KCl,
2 mM MgSO4, 0.1% Triton R© X-100, pH 8.8) and 1 unit Taq DNA polymerase
(NEB, USA) in a volume of 25 µL reaction mix. T100TM Thermal Cycler
(BioRad, USA) was used to carry out the PCR with the amplification
conditions of 95◦C for 30 s, 50 cycles of 30 s at 95◦C, 30 s at primer annealing
temperature (varied between different primer sets) and 72◦C for 1 min per kb
PCR product, before a final heating at 72 ◦C for 5 mins. PCR products were
assessed as before using gel electrophoresis (section 2.3.1.2).
LR reaction Purified entry vectors containing the desired inserts were
incubated with the desired Gateway compatible destination vectors for LR
reaction to transfer the inserts from entry vectors into the final destination
vectors. A hundred nanogram aliquot of the entry clone was incubated with
150 ng of the destination vector and 2 µL LR Clonase II enzyme mix (Life
Technologiees, USA) in TE buffer (final reaction volume of 10 µL) at 25◦C for
overnight (approximately 16 hours). The reaction was then terminated by the
addition of 1 µL Proteinase K solution and allowed to incubate at 37◦C for 10
mins. The mixture was then ready for transformation into E. coli cells using
the heat shock method described in section 2.3.1.2.
2.3.2.3 Sanger sequencing
E. coli colonies that survived antibiotic selection and confirmed to be positive
for the desired insert by colony PCR and/or re-digestion were further
propagated. Plasmid DNA was purified from these bacteria as described in
section 2.3.4 and the identity of the plasmids and inserts were confirmed by
Sanger sequencing. Approximately 400 ng to 1000 ng of the purified plasmid
was used for sequencing PCR in a final reaction volume of 20 µL, which also
contained 1 µL BigDye Terminator mix, 0.875× sequencing buffer and 0.16
µM primer. Amplification conditions were 3 mins at 96◦C, followed by 35
cycles of 10 s at 96◦C, 5 s at 50◦C, and 4 mins at 60◦C before chilling at 10◦C
until sequencing purification.
The sequencing PCR products were purified using Ethanol/EDTA. In
brief, 5 µL of 125 mM EDTA was added to the 20 µL PCR product, followed
by 60 µL of 100% EtOH before mixing and incubated at room temperature for
15 mins. The mixture was then transferred into 1.5 mL Eppendorf tubes and
centrifuged at room temperature for 20 mins at 14000 rpm. The supernatant
§2.3 Generation of transgenic organisms 57
was removed, and the DNA pellet was washed with 100 µL ice-cold 70%
EtOH. Following centrifugation at 10000 rpm for 30 mins at room
temperature, the supernatant was removed and the pellet was dried by
heating at 56◦C for 7 mins. The sequencing PCR product was resuspended in
10 µL of Hi-Di Formamide, incubated for 10 mins at room temperature
followed by gentle vortexing for 20 s. Finally, the PCR products were
denatured at 95◦C for 3 mins and cooled immediately on ice for 5 mins prior
to resolving on an Applied Biosystems 96 capillary 3730 DNA Analyzer. The
sequencing results were analysed using CLC Main Workbench 6 software.
This sequencing protocol was recommended by ACRF Biomolecular
Resource Facility from the John Curtin School of Medical Research at the
Australian National University. A list of sequencing primer used in this thesis
can be found in table 2.2.
Name Sequence (5’-3’) Description
M13_F GTAAAACGACGGCCAG Forward primer for sequencing PCR products inserted into TOPO R© vectors
M13_R CAGGAAACAGCTATGAC Reverse primer for sequencing PCR products inserted into TOPO R© vectors
ABI3pro_seq_F2 CTCTAGGATAGAATTAGATTC Forward primer for sequencing 5’ end of ABI3 promoter (between ABI3pro_F
and ABI3pro_seq_F3)
ABI3pro_seq_F3 CCTTTTCTCGTCATCAATAC Forward primer for sequencing 5’ end of ABI3 promoter (between
ABI3pro_seq_F2 and ABI3pro_seq_F4)
ABI3pro_seq_F4 CTATCTCAACGTTTACTTTTG Forward primer for sequencing the middle region of ABI3 promoter (between
ABI3pro_seq_F3 and ABI3pro_seq_R4)
ABi3pro_seq_R4 CAAACAATTAGTAATGTTCATAC Reverse primer for sequencing the middle region of ABI3 promoter (between
ABI3pro_seq_F4 and ABI3pro_seq_R3)
ABI3pro_seq_R3 CACGAGCCATACGTTCGAATTTG Reverse primer for sequencing the 3’ end of ABI3 promoter (between
ABI3pro_seq_R4 and ABI3pro_seq_R2)
ABi3pro_seq_R2 CTATATAATAAACATGGTTAAATC Reverse primer for sequencing the 3’ end of ABI3 promoter (between
ABI3pro_seq_R3 and ABI3pro_R)
pMDC123ccdB_F1 CACAGCCAGTCTGCAGGTCG Forward primer for sequencing SAL1cDNA inserted downstream of the
ccdB gene within the Gateway cassette of the pMDC123 vector (Curtis and
Grossniklaus, 2003)
pMDC123seq_R1 GTGGAATTGTGAGCGGATAAC Reverse primer for sequencing SAL1cDNA inserted downstream of the ccdB gene
within the Gateway cassette of the pMDC123 vector (Curtis and Grossniklaus,
2003)
pMDC123_F GCAGGTCGACTCTAGAGG Forward primer for sequencing and confirming promoter insertion via LR
reaction into the Gateway cassette of the pMDC123 vector (Curtis and
Grossniklaus, 2003)
pOpOff_SAL1hp_F CATTACATTTTACATTCTACAAC Forward primer binding to dex-inducible promoter for sequencing and
confirming the inserts introduced via LR reaction into the Gateway cassette of
the pOpON and the pOpOff vectors
Hellsgate12_OCSter_SacI CTGAGCTCAGCTTGCATGCCTGCAGGTCCT Reverse primer binding to the OCS terminator of the pOpOff vector for
sequencing and confirming the inserts introduced via LR reaction into the
second Gateway cassette of the pOpOff vector
Table 2.2 – Details of sequencing primers used in this thesis. Primers listed here were designed for sequencing purposes but some of
them were also used for genotyping and/or colony PCR whenever appropriate. Similarly, some of the genotyping or cloning primers were
also used for sequencing PCR if relevant.
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2.3.2.4 Summary of DNA vectors manipulated and produced
A list of DNA vectors manipulated and produced in this thesis was
summarised in Table 2.3.
Entry vector (antibiotic
selection)
Insert Entry vector with insert
pCR8 (Spectinomycin) SAL1_RNAi_F2 pCR8-SAL1_F2
SAL1amiRNA_339 pCR8-SAL1amiRNA_339
SAL1amiRNA_1002 pCR8-SAL1amiRNA_1002
SAL1nosT pCR8-SAL1nosT
pENTR (Kanamycin) ABI3pro pENTR-ABI3pro
LEC1pro pENTR-LEC1pro
TZF6pro pENTR-TZF6pro
Vector to be modified Insert Modified destination vector
pMDC123 (kanamycin) SAL1nosT pMDC123-SAL1nosT
Destination vector
(selection marker)
Entry vector with insert Final vector produced
pAgrikola
(Bacteria:Kanamycin;
Plants:BASTA)
pCR8-SAL1_F2 pAgrikola-SAL1hpRNAi
(35S:SAL1hpRNAi)
pMDC32
(Bacteria:Kanamycin;
Plants:Hygromycin)
pCR8-SAL1amiRNA (339
and 1002)
pMDC32-SAL1amiRNA
(35S:SAL1amiRNA) (targeting
339bp and 1002bp regions of
SAL1 respectively)
pMDC123-SAL1nosT pENTR-ABI3pro pMDC123-ABI3SAL1nosT
(Bacteria:Kanamycin; pENTR-LEC1pro pMDC123-LEC1SAL1nosT
Plants:BASTA) pENTR-TZF6pro pMDC123-TZF6SAL1nosT
pOpON
(Bacteria:Spectinomycin;
Plants:Hygromycin)
pCR8-SAL1nosT pOpONSAL1nosT
(dexamethasone-inducible)
Table 2.3 – Summary of DNA vectors manipulated and produced in this thesis.
Inserts were introduced into pCR8 R© entry vector via TA cloning whereas insertion into
pENTR R© entry vector is via TOPO R© directional cloning. The insertion of SAL1nosT into
pMDC123 involved restriction enzyme digests and ligation while the transferring of
inserts from entry vector into the final destination vector was via TOPO R© LR reaction.
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2.3.3 Generation of transgenic bacteria
2.3.3.1 Preparation of chemically competent Escherichia coli
E. coli cells from glycerol stocks were cultured in 5 mL LB (Sigma-Aldrich,
USA) at 37◦C with shaking for overnight as starter culture. This was used
to inoculate 500 mL LB supplemented with 10 mM MgSO4 and grow at 37◦C
until OD600 of 0.4-0.6 was reached. The culture was then cooled on ice for 10
mins before pelleting at 4◦C for 10 mins at 5000 rpm. The bacterial cells were
resuspended in 250 mL ice-cold, filter-sterilised Solution A [100 mM MgCl2,
10 mM MOPS, final pH=7], and incubated on ice for 20 mins before pelleting
again as before. The E.coli pellet was resuspended in another 250 mL ice-cold,
filter-sterilised Solution B [10 mM MgCl2, 100 mM MOPS, 50 mM CaCl2, final
pH=6.5]. This bacterial suspension was incubated on ice for 30 mins followed
by a final pelleting as before. The E.coli cells were resuspended in storage
solution consisting of 4.3 mL ice-cold Solution B and 700 µL glycerol, aliquoted
and froze in liquid nitrogen prior to storing at -80◦C. All steps were performed
under sterile condition in biosafety cabinet.
2.3.3.2 Preparation of electrocompetent Agrobacterium tumefaciens
C58 Agrobacterium glycerol stock was streaked out and grew on LB
(Sigma-Aldrich, USA) supplemented with 100 µg/mL Rifampicin (R7382
Sigma-Aldrich, USA) for two nights at 28◦C to obtain individual colonies. A
single colony was then picked for inoculating 5 mL LB with Rifampicin and
grew for overnight at 28◦C with shaking as starter culture. 1 mL of the starter
culture was used to inoculate 200 mL LB with Rifampicin and grew at 28◦C
until an OD600 of approximately 0.8 was reached. The Agrobacterium cells
were then pelleted by centrifuging at 5000 rpm for 15 mins at 4◦C before
resuspended with 200 mL ice-cold 10% glycerol (autoclaved). This step was
repeated twice, but each with a different resuspension volume: 100 mL
followed by 2 mL. The final Agrobacterium suspension was aliquoted, froze
with liquid nitrogen before storing at -80◦C. All steps were performed under
sterile condition in biosafety cabinet.
2.3.3.3 Chemically competent E. coli transformation
Amplifying DNA vectors, before and after manipulation, was essential for
generation of transgenics. This can be achieved by transforming the desired
DNA vectors into the chemically competent or electrocompetent E. coli cells.
§2.3 Generation of transgenic organisms 61
Chemically competent E.coli cells were thawed on ice before approximately
100 ng of desired DNA vector was added and mixed gently. The mixture was
let to incubate on ice for 30 mins, followed by heat-shocked at 42◦C for 90 s
prior to incubating on ice again for 3 mins. 1 mL of LB was then added into
the mixture and the bacterial culture was recovered at 37◦C with shaking for 1
hour before plated out on LB agar with appropriate antibiotic selection and
cultured at 37◦C overnight.
2.3.3.4 Electrocompetent Agrobacteria transformation
Electrocompetent Agrobacteria were thawed on ice and incubated with 200 ng
of desired plasmid DNA. The mixture was transferred into a pre-chilled
electroporation cuvette before subjected to the following electroporation
treatment: power supply of 1.8 kV, resistance of 200 Ω and capacitance of 25
µF using a Bio-Rad Gene Pulser (Bio-Rad, USA). Next, LB medium was added
immediately to the cuvette and the cells were allowed to recover for one to
four hours at 28◦C with shaking. The cells were then plated out on LB agar
supplemented with rifampicin together with other appropriate antibiotic
selection and grown at 28 ◦C for two to three days. Surviving colonies were
screened further by colony PCR, and sometimes Sanger sequencing, as
outlined earlier in section 2.3.2.2 and section 2.3.2.3 respectively.
2.3.4 Extraction of plasmid DNA from bacteria
Desired cloning vector(s) propagated and amplified by bacteria, after
overnight growth in liquid LB medium under appropriate antibiotic selection,
were recovered using commercially available plasmid miniprep kit. The
miniprep kit used was either from Sigma-Aldrich (USA) - GenEluteTM
Plasmid Miniprep Kit or Axygen Biosciences (USA) - AxyPrep Plasmid
Miniprep Kit, following manufacturer’s instruction. In general, the extraction
procedures involved pelleting cells, resuspending and alkaline-lysing of cells
before neutralization step, followed by column binding and purification of
DNA. Finally, the purified plasmid DNA were eluted from the column with
50 µL of fresh MilliQ water.
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2.3.5 Agrobacterium-mediated transformation of Arabidopsis
via floral dipping
Wild-type Arabidopsis and/or the sal1 mutant plants (fry1-6 or alx8) were
transformed using the floral dipping method (Clough and Bent, 1998; Zhang
et al., 2006). The wild-type Arabidopsis plants were grown until flowering
stage, and the first bolts were clipped to promote proliferation of secondary
bolts. However, due to the delayed and slow developmental phenotypes of
sal1, clipping of the first bolt was unnecessary. A single colony of successful
Agrobacterium transformants, validated to carry the desired vector, was
cultured in 5 mL LB supplemented with appropriate antibiotic(s) selection at
28◦C overnight. This starter culture was then used to inoculate 500 mL LB
with antibiotic(s) selection and let to grow overnight at 28◦C. The cells were
pelleted by centrifugation at 5000 rpm for 10 mins before resuspended in 250
mL inoculation medium (5% sucrose and 0.03% v/v Silwet L-77). Plants were
well-watered a day before floral dipping and only above-ground plant parts
were dipped in the Agrobacterium solution for 15 s. The plants were then laid
horizontally on a tray layered with dampened paper towels, and the floral
parts were further imbibed with small droplets of Agrobacterium solution
before covering the whole tray with plastic wrap and left in the dark at room
temperature overnight. The plastic wrap was removed on the following day
and the plants were transferred to a new tray and returned to standard
growth conditions. All plants were individually bagged to avoid
cross-pollination or seed transfer after a week of recovery.
2.3.6 Selection and identification of transgenic plants
T1 transgenic plants were isolated based on their corresponding selection
marker. The selection agent and their respective working concentrations (on
both plants and bacteria) used in this thesis are summarised in Table 2.4.
A rapid screening method developed by Harrison et al. (2006) was used
for the isolation of successful transgenic plants. In brief, seeds were plated on
MS supplemented with appropriate selection according to the protocol
described in section 2.1.3. These plates were transferred to plant standard
growth conditions for 6 hours after stratification to stimulate germination
before keeping in dark at room temperature for 2 days (or 4 days if sucrose
was present in media). Subsequently, the plates were returned to plant
standard growth conditions and identification of successful transformants
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Selection agent Working concentration Working concentration
for bacteria (µg/mL) for plants (µg/mL)
Ampicillin 100 N/A
BASTA N/A 5 (media); 50 (spray)
Hygromycin B N/A 100
Kanamycin 50 50
Rifampicin 100 N/A
Spectinomycin 100 N/A
Tetracyclin 50 N/A
Table 2.4 – Selection agent and their working concentration used in this thesis.
Working concentration stated here was used on LB media for bacterial selection
and on MS media for plant selection, unless stated otherwise as for BASTA.
was performed 24 hours later based on hypocotyl length and/or cotyledon
greening, depending on the selection.
2.3.6.1 GUS staining and activity assay
GUS histochemical staining was performed on Arabidopsis whole
seedlings and adult leaf tissues to confirm transformation. Sampled tissues
were placed in a well of a 24-well plate containing 1 mL of GUS staining
solution [100 mM NaPO4 at pH7, 10 mM Tris-HCl at pH8, 1 mM EDTA, 0.05%
Triton X-100] with 5-bromo-4-chloro-3-indoyl-β-D-glucuronide (X-gluc)
[prepared as 10× stock dissolved in DMSO] added to a final concentration of
1 mg/mL. The samples were subjected to vacuum infiltration for 10 mins
before incubating at 37◦C for overnight in dark. Next, the samples were
washed 3 times with 70% (v/v) ethanol to remove chlorophyll for better stain
visualisation. GUS staining images were taken using Lumix DMCFZ5 camera
(Panasonic, Japan).
GUS activity assay was performed using the protocol obtained from the
Stockinger Lab of Ohio Agricultural Research and Development Center
(OARDC) of The Ohio State University in the USA website (URL:
http://www.oardc.ohio-state.edu/stockingerlab/Protocols/GUS%20Assays.pdf ) and
(Blázquez, 2007). In brief, approximately 200-500 mg leaf tissue or whole
seedling was harvested and flash frozen in liquid nitrogen before grinding
with a 1/8" steel ball bearing in a 1.5 mL Eppendorf tube at 25 Hz for 1 min
using Tissue Lyser II (Qiagen, Germany). GUS was extracted in 1 mL of GUS
extraction buffer [100 mM KPO4 at pH8, 1 mM EDTA, 1% Triton X-100, 10%
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glycerol and freshly added dithiothreitol (DTT) to a final concentration of 1
mM], by mixing with the Tissue Lyser II as before. Samples were centrifuged
at 14000 rpm for 1.5 mins before the supernatant was transferred to a fresh 1.5
mL Eppendorf tube. 10 µL of the GUS extracts were mixed with pre-warmed
(at 37◦C) 130 µL of GUS assay buffer [2.5 mM 4-methylumbelliferyl
β-D-glucuronide hydrate (MUG) from Sigma-Aldrich (USA) dissolved in the
GUS extraction buffer with 2 mM DTT ] and incubated at 37◦C in dark for 20
mins before the reaction was stopped by transferring into wells of an opaque
96-well plate where each well contained 190 µL of Stop buffer [0.2 M
Na2CO3]. Standard curve for 4-methylumbelliferone (4-MU), the product of
MUG hydrolysis by GUS protein, was prepared by diluting 1 mM MU stock
solution into 100 µM, 250 µM, 500 µM and 1000 µM. Fluorescence of the
standards and samples were measured using the BMG FLUOstar OPTIMA
Microplate Reader (BMG LabTech, Germany) at an excitation wavelength of
355 nm and an emission wavelength of 460 nm. The amount of protein
present in the GUS extract was quantified using Bradford assay (BioRad,
USA) (Bradford, 1976) and the GUS activity quantified was expressed as nM
MUG hydrolysed per minute per µg protein.
The Bradford assay was performed by incubating 10 µL of the extracted
proteins (typically diluted into 1:4 dilutions) with 240 µL of 0.25× Protein
Assay Dye Reagent (Bio-Rad, USA) for 15 minutes in a 96-well, flat bottom
transparent plate. On the same plate, 10 µL of each Bovine Serum Albumin
(BSA) standard concentrations (0, 0.2, 0.4, 0.8, 1.0, 1.2 mg/mL in water) were
also incubated with 240 µL of the Dye Reagent. Three technical replicates for
each of the samples and standards were loaded. The absorbance of each
sample was measured at 595 nm using the BioRad Plate Reader and the
concentrations of protein samples were determined based on the BSA
standard curve plotted.
2.4 Plant genotyping
2.4.1 CTAB genomic DNA extraction from plants
DNA was isolated from plant leaf tissue using a Cetyltrimethyl Ammonium
Bromide (CTAB) method adapted from Clarke (2009). Generally, 50-100 mg
leaf tissue was harvested and flash-frozen in liquid nitrogen before grinding
with a 1/8" steel ball bearing in a 1.5 mL Eppendorf tube at 25 Hz for 1 min
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using Tissue Lyser II (Qiagen, Germany). DNA was extracted in 300 µL of
preheated (at 65◦C) CTAB buffer [2% w/v CTAB, 1.4 M NaCl, 20 mM EDTA,
100 mM Tris-HCl at pH8.0] by mixing with the Tissue Lyser II as before,
followed by incubation at 65◦C for at least 30 mins. Samples were then cooled
to room temperature before 300 µL of chloroform was added. The mixtures
were vortexed thoroughly and then centrifuged at 14000 rpm for 1 min to
separate the aqueous and organic phases. The colourless aqueous phase at the
top layer was transferred to a new 1.5 mL Eppendorf tube and the DNA was
precipitated by adding 300 µL of isopropanol and mixing gently by inverting
the tubes 5-6 times. The DNA was then pelleted by centrifugation at 14000
rpm for 5 mins and washed with 500 µL of 70% ethanol before centrifuging
again at 14000 rpm for 5 mins. The ethanol was discarded and DNA samples
were air-dried overnight prior to resuspended in 50 µL sterile MQ water. All
DNA samples were assessed and quantified using Nanodrop
Spectrophotometer as described in section 2.3.1.5 before storing at -20◦C.
2.4.2 Genotyping PCR
Genotyping PCR preparation and amplification conditions were very similar
to that of colony PCR, with only slight variation. In brief, genotyping PCR
was performed in the presence of 1 µL (200-500 ng) of genomic DNA
solution, 1 µM of each forward and reverse primer, 0.2 mM dNTP mix, 1×
ThermoPol Reaction Buffer (20 mM Tris-HCl, 10 mM (NH4)2SO4, 10 mM KCl,
2 mM MgSO4, 0.1% Triton R© X-100, pH 8.8) and 1 unit Taq DNA polymerase
(NEB, USA) in a final reaction volume of 25 µL. PCR was carried out on a
T100TM Thermal Cycler (BioRad, USA) using the amplification conditions of
30 s at 95◦C, 40 cycles of 30 s at 95◦C, 30 s at primers’ annealing temperature
and 72◦C for 1 min per kb PCR product, before a final heating at 72◦C for 5
mins. The resulting PCR products were assessed by agarose gel
electrophoresis as described in section 2.3.1.2.
A list of plant genotyping primers used in this thesis was summarised in Table
2.5. Generally, primers were designed using Primer-BLAST tool from NCBI
and T-DNA Primer Design Tool from SIGnAL.
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Name Sequence (5’-3’) Description
LBb1.3 ATTTTGCCGATTTCGGAAC Forward T-DNA border primer for
genotyping T-DNA insertion
FRY1_SQ_2F CCAGTGACCGTTGCTGATTA Forward primer for genotyping wild
type SAL1
FRY1_SQ_2R TGAAAATGCTCAGTGTCAGGA Reverse primer for genotyping wild
type and T-DNA insertion in SAL1
Table 2.5 – Summary of plant genotyping primers used in this thesis. Primers
for genotyping T-DNA insertions were designed using the T-DNA Primer Design
software (http://signal.salk.edu/tdnaprimers.2.html).
2.5 Chemical and stress treatment on plants
2.5.1 Dexamethasone (Dex) treatment
Feeding through MS media was performed by mixing water-soluble Dex
(Sigma-Aldrich, USA) stock solution into pre-warmed MS agar liquid to a final
concentration of 20 µM before pouring the MS into petri dishes. Seeds were
then sown on or seedlings were transferred to the MS plates containing Dex
(sometimes supplemented with antibiotic and/or herbicide selection as well),
depending on the experimental setup. Tissue was harvested at the latest of 2
to 3 weeks after treatment.
Hydroponic feeding system on adult plants were performed by first
removing the adult plants from the pot and gently washed away as much soil
as possible from the plant roots. The plants were then transferred into
individual 50 mL Falcon tubes with the base cut-off to prevent or minimise
roots entanglement. These tubes were then fitted into styrofoam racks that
can float on Cramer’s solution in a tub. Aeration of the solution was supplied
by fitting an air pump (Infinity, AP950) with two aeration stones into the
solution. The composition of Cramer’s solution was summarised in Table 2.6
and Dex with a final concentration of 20 µM was added to the Cramer’s
solution. Tissue was harvested for analysis after 24 h of Dex treatment via
hydroponic feeding. This hydroponic setup was developed by Dr Wannarat
Pornsiriwong (2011) based on a publication by Gibeaut et al. (1997).
Feeding via soil drenching was performed by mixing the water-soluble Dex
(Sigma-Aldrich, USA) stock solution into the tap-water used to water plants
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Reagent Stock (M) Volume to prepare 1L 10× stock Working Concentration
Ca(NO3)2 1 15mL 1.5mM
KH2PO4 1 5mL 0.5mM
KNO3 1 12.5mL 1.25mM
MgSO4 1 7.5mL 0.75mM
NH4SO4 1 10mL 1mM
FeEDTA 1 720µL 72µM
Micronutrient* 1000× 10mL 1×
*Composition of micronutrient stock:
Reagent Stock (mM) Volume (g/L)
KCl 50 3.728
MnSO4 · 4H2O 10 2.231
CuSO4 · 5H2O 1.5 0.375
ZnSO4 · 7H2O 2 0.575
H3BO3 50 3.092
(NH4)6Mo7O24 0.075 0.093
Table 2.6 – Composition of Cramer’s solution. Recipe adapted from Gibeaut
et al. (1997).
to a final concentration of 20 µM. The water was then poured into the trays
containing potted plants, generally 500 mL to 800 mL per tray depending on
the growth stage of plants, every two to three days. This method was used for
long-term Dex treatment.
Leaf or rosette painting with 20 µM Dex solution containing 0.02% Silwet
L-77 was performed using a paint brush as described in Craft et al. (2005).
Rosette spraying with 20 µM Dex solution containing 0.02% Silwet L-77 was
also performed for more even and efficient treatment on the whole rosette of
multiple transgenic lines. Approximately 0.5 to 3 mL of Dex solution was used
for a tray of 24 plants, depending on the stage of plant development. Spraying
was performed using the Iwata Studio Deluxe airbrush system (Iwata Inc.,
Japan) at a spraying pressure of 10 psi in a fumehood.
2.5.2 Hormonal treatment
gibberellins (GAs) [GA3], brassinosteroids (BRs) [epibrassinolide (EBR) and
auxin [indole-3-acetic acid (IAA) ] treatments on Arabidopsis plants were
performed using feeding through MS media method and rosette spraying
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method, similar to that used for Dex treatment on plants described in
previous section. All the plant hormones used in this thesis was purchased
from Sigma-Aldrich. Besides, 0.1% v/v Tween-20 was used in place of Silwet
L-77 for spraying hormone onto rosette (Ribeiro et al., 2012).
2.5.3 Soil-based drought treatment
Multiple seeds of Arabidopsis plants were sown in individual pots, let to
grow until 4-6 true leaves stage before thinning down to one plant per pot for
drought experiment. Transplanting between pots were avoided unless
absolutely necessary, to minimise accidental damage to the roots. Exceptions
applied to T2 transgenic lines, especially those that were selected on MS
media with selection before transferring to soil for further growth.
These soil-grown plants were watered regularly prior to drought stress.
Generally, after seedlings establishment, seedlings were watered every two
days with 500 mL of water per tray of 24 pots and the amount of watering
was increased to 800 mL per tray when plants were four weeks old and 1 L at
five weeks old.
Drought stress was applied when plants were four to five weeks old,
preferably before bolting and flowering stage. A day before commencing
drought stress, plants were watered to saturation and excess water was
removed by either tipping out the water from the tray, or moving all the pots
to a dry, identical tray for re-arrangement / randomization the next day ("
Drought Day 0"). No more watering was performed subsequently, and plant
responses to drought were monitored by visual assessment and measurement
of chlorophyll fluorescence. Position of trays were rotated every one to two
days during drought to minimise potential position effects on shelf.
2.6 Plant phenotyping
2.6.1 Imaging and analysis of rosette morphology
Petiole length and hypocotyl length of seedlings were measured using a
standard 30 cm ruler. Rosette area of plants were measured using LemnaTec
Scanalyzer software. The Scanalyzer (LemnaTec, Germany) is an automatic
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image capturing and processing system that can measure multiple parameters
of Arabidopsis plants, including leaf colour, rosette area in pixel unit and
rosette compactness in fraction form. Calibration of this imaging system was
performed by Phua (2010), allowing the values of the area measurement
provided by the machine to be converted from pixel unit to cm2 unit. Apart
from Scanalyzer, photography of plants were also performed using the Lumix
DMCFZ5 camera (Panasonic, Japan) and DSLR D5300 camera (Nikon, Japan).
2.6.2 Chlorophyll fluorescence measurement
Plant viability during drought stress was assessed by measuring chlorophyll
fluorescence as described by Woo et al. (2008). The measurement was
performed once on Drought Day 0 follow by the next measurement on
Drought Day 4 and Day 6, before measuring at an interval of every day
starting from Drought Day 7 onwards. The major photosynthetic parameter
FV/FM that measures the maximum efficiency of Photosystem II (PSII) is a
reliable indicator of plant viability. The Imaging-PAM chlorophyll fluorometer
(Walz, Germany) or the TrayScan system (PSI, Czech Republic) coupled with
the ImagingWin software (Walz, Germany) were used to measure and analyse
the chloropyll fluorescence parameters. Prior to measurements, plants were
dark-acclimated for at least 15 mins to 1 h. They were then exposed to a
saturating actinic flash of >1,800 µmol photons m−2 s−1, while the relevant
chlorophyll fluorescence was detected and measured. Plants were then
returned to the growth chamber and the resulting fluorescence peak recorded
was used to calculate the FV/FM parameter as follows:
FV
FM
=
FM − F0
FM
where F0 is the basal PSII fluorescence and FM represents the maximum level
of PSII fluorescence measured. In Woo et al. (2008), a plant is considered
non-viable when its FV/FM value is lower than 33% of the value recorded
on Drought Day 0. However, any plant which has a FV/FM value of 0.4 or
below generally cannot recover from drought even after re-watering (Crisp,
unpublished). Taking into account both observations, a plant is considered
non-viable when its FV/FM dropped to 37.5% of the FV/FM value recorded on
Drought Day 0 in this thesis.
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2.6.3 Seed germination assay
Seeds used for germination assay were at most three months old and were
harvested from plants grown under the same growth conditions. Sterile seeds
were grown on half-strength MS medium with 2% (w/v) sucrose that
occasionally supplemented with 1 µM ABA (Sigma-Aldrich) and/or 0.5 µM
paclobutrazol (Sigma-Aldrich), depending on the experiments. Infiltration
buffer [1 mM PIPES, 1 mM sodium citrate, 1 mM KCl, 15 mM Sucrose] was
added into the MS medium on top of other supplementation to facilitate
3’-phosphoadenosine 5’-phosphate (PAP) feeding to seeds during
germination (adapted from Seeley et al. (1992)). At least 70 seeds were sown
on each plate with three to five replicates per genotypes per treatment. For
dormancy test, fresh seeds were sown on agar plates without MS, without
sterelisation and without stratification, which all can affect germination rate
(Finch-Savage et al., 2007). Apart from that, seeds were stratified at 4◦C in the
dark for 48 hours before transferring to standard growth conditions as
highlighted in section 2.1.2. Plate photos were taken everyday using DSLR
D5300 camera (Nikon, Japan) and unless otherwise stated, germination was
scored after three days based on radicle emergence and the germination rate
or percentage out of the total number of seeds per plate was reported.
2.7 Plant metabolite measurements
2.7.1 Adenosine extraction and quantification using HPLC
Plant adenosines were extracted in HCl, derivatizated with
chloroacetaldehyde (CAA) (Sigma-Aldrich, USA) and resolved using reverse
phase High Performance Liquid Chromatography (HPLC) for fluorometric
quantification as described in (Estavillo et al., 2011). Specifically,
approximately 100 mg of plant tissue was harvested, flash frozen with liquid
nitrogen, and ground to a fine powder in a 2 mL Eppendorf tube with a 1/8"
steel ball bearing by shaking the tube at 25 Hz for 1 min using the Tissue
Lyser II (Qiagen, Germany). Total metabolites from the tissue samples were
extracted in 1 mL of 0.1 M HCl for 15 mins by first mixing with the Tissue
Lyser II at 25 Hz for 5 mins in a pre-chilled Tissue Lyser block, followed by
incubating at 4◦C for 5 mins before returning to the mixing for another 5
mins. The samples were then centrifuged twice at 4◦C for 5 mins at 14000
rpm and the supernatant was transferred to a new tube after each
centrifugation step. PAP and other adenosines were derivatised by mixing 300
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µL of the final supernatant with 620 µL of CP buffer [620 mM Citric
acid-1-hydrate, 760 mM sodium phosphate dibasic dihydrate, final pH=4] and
80 µL of 45% CAA and heating at 80◦C for 10 mins. The mixture was then
cooled on ice for 15 mins before centrifuging at 14000 rpm for 45 mins at 4◦C.
CAA reacts with adenosine rings to form "etheno compounds" that can
fluoresce at 410 nm upon excitation at 280 nm (Haink and Deussen, 2003),
allowing the adenosine present in the plant extracts to be selectively detected
after the derivatisation step.
The resulting supernatant was run through the Hewlett-Packard/Agilent
1100 HPLC Series (Agilent, USA). The protocol optimised for separation of
PAP from the other major adenosines was as follows: equilibration of
KinetexTM 2.6 µm XB-C18 100Å LC Column 50 x 3.0 mm (Phenomenex Inc.,
USA) for 5 s with 95% (v/v) of buffer A [5.7 mM Tetrabutylammonium
hydrogensulfate (Sigma-Aldrich), 30.5 mM KH2PO4, final pH=5.8] and 5%
(v/v) buffer B [67% v/v acetonitrile, 33% v/v buffer A], linear gradient for
13.75 mins to 50% of buffer A and buffer B, re-equilibration for 1.66 mins with
95% buffer A and 5% buffer B. Fluorescence settings for detection were 280
nm excitation wavelength and 410 nm emission wavelength. Chromatograms
were recorded and processed with the Agilent ChemStation for LC 3D
systems software. Adenosines present in the samples were identified and
quantified by comparing retention times and peak area respectively to that of
commercially available adenosines standards (Sigma-Aldrich, USA), prepared
in different concentrations, derivatized and run together with the samples.
2.7.2 Hormonal extraction and quantification
Quantification of multiple hormones from plant samples were performed by
Dawei Yen and Associate Professor Eiji Nambara from the University of
Toronto using LC-MS/MS method (see (Yoshimoto et al., 2009) for full
protocol). In brief, plants used for hormone quantification were grown under
standard growth condition on soil. Hormones were extracted from
approximately 200 mg of rosette tissues (frozen and ground to powder) in 80
% (v/v) methanol acidified with 1 % (v/v) acetic acid, supplemented with the
following internal standards: d6-SA, 13C6-JA-Ile, d2-JA, d2-IAA, d6-ABA,
d2-GA4, d5-tZ and d6-2iP for one hour. The extract was centrifuged at max
speed for 10 mins at 4◦C to remove cellular debris and the extraction process
was repeated once more before methanol was removed from the extract using
Speed Vac. The remaining acidic water extract were loaded onto a series of
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different cartridges to remove high polar impurities and enable selective
elution of hormones based on their respective acidic and basic properties.
Hormones bound to the cartridges were washed with water containing either
1 % (v/v) acetic acid or 5 % (v/v) ammonia, before eluted with either 100%
methanol (for neutral compounds), 80 % methanol containing 1 % acetic acid
(for acidic compounds) or 60 % methanol containing 5 % (v/v) ammonia (for
basic compounds) correspondingly. The acidic and basic elutions were dried
down separately before resuspended in 20 µL of water containing 1 % acetic
acid for analyses using LC-MS/MS method as described in detail by
Yoshimoto et al. (2009). Acidic compounds eluted after the acidic wash step
contained IAA, ABA, JA, JA-Ile, and GA4, with SA eluted using 100 %
methanol, while the basic fractions contained iP and tZ.
The abscisic acid (ABA) content in leaves and seeds of Arabidopsis were
also quantified using a modified ELISA method described in Van Norman
et al. (2014). About 100 mg plant tissue was harvested and flash frozen in
liquid nitrogen before grinding to a fine powder in a 2 mL Eppendorf tube
containing a 1/8" steel ball bearing using the Tissue Lyser II (Qiagen,
Germany) at 25 Hz for 1 min. 2 mL of 80% (v/v) methanol was used to
extract the ABA from the ground tissue by constant shaking for overnight at
4◦C. The sample was then centrifuged at 16000 g for 10 mins at 4◦C to remove
cellular debris and the supernatant was dried under vacuum to a quarter of
its starting volume (approximately 500 µL) using Speed Vac. The
concentrated supernatant was acidified with 0.5 M HCl to pH 2.5 before
going through a phase separation by gentle inversion for 10 s after adding an
equal volume of ethyl acetate. The mixture was let to stand for 30 s, followed
by the transferring of the upper organic layer of ethyl acetate that contained
the ABA extracted to another 2 mL Eppendorf tube. The phase separation
step was repeated and the two organic layers of ethyl acetate were pooled and
dried under vacuum to complete dryness as before. The resulting pellet was
resuspended in 1 mL of 1× TBS [3.03 g/L Trizma base (Merck), 5.84 g/L
sodium chloride, 0.2 g/L magnesium chloride hexahydrate, 0.2 g/L sodium
azide, pH to 7.4] for quantification. Sample was first diluted 1:10 in TBS
before used for ABA quantification by the Phytodetek ABA quantification kit
(Agdia, USA) as per manufacturer’s instructions.
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2.8 Gene expression analysis
2.8.1 Total RNA extraction and quantification from plants
Total RNA from plant tissues were extracted using the SpectrumTM Plant
Total RNA kit (Sigma-Aldrich, USA) according to manufacturer’s
instructions. In brief, approximately 50 mg of plant tissues (leaf in most cases)
was harvested, flash frozen in liquid nitrogen, and ground to a fine powder in
a 1.5 mL Eppendorf tube with a 1/8" steel ball bearing by shaking at 25 Hz
for 1 min using the Tissue Lyser II (Qiagen, Germany). RNA was extracted in
500 µL lysis solution containing 1% β-mercaptoethanol for 30 s by vigorously
vortexing and then incubating at 56◦C for 5 mins. Most cellular debris were
removed by centrifugation at 14000 rpm for 3 mins. The lysate supernatant
was transferred into a Filtration column, inserted into a 2 mL collection tube,
and centrifuged for 1 min at 14000 rpm to remove any remaining cell debris.
The RNA-containing flow-through was then treated with 750 µL of
ethanol-based binding solution to precipitate and facilitate the binding of the
RNA to the Binding column once the lysate was passed through the column
via centrifuging as before. The bound RNA was then treated with 80 µL of
DNaseI (Sigma-Aldrich, USA) for at most 1 hour, in case any contaminating
DNA is present. The Binding column with RNA was then washed three times
with wash solution by centrifuging the column at 14000 rpm each time to
remove any impurities. An additional spin at 14000 rpm for 30 s was
performed to dry the column before the purified RNA was finally eluted in 40
µL of elution buffer. The quantity and quality of RNA was checked using a
spectrophotometer as described in section 2.3.1.5 (readings were repeated
three times per sample for better accuracy) before storing at -80◦C.
2.8.2 Complementary DNA (cDNA) synthesis
SuperScript R© III First-strand Synthesis System (Invitrogen, Life Technologies
USA) was used to reverse transcribe the extracted RNA into cDNA following
manufacturer’s instructions. Generally, 1 µg of total RNA was incubated with
2.5 µM oligoDT primer and 1 mM dNTPs at 65◦C for 5 mins to denature the
RNA and anneal the primers to the polyA tail of mRNA. The mixture was then
topped up to 20 µL with the addition of 1× first strand reaction buffer (250 mM
Tris-HCl pH 3.8, 375 mM KCl, 15 mM MgCl2), 5 mM DTT, and 100 units of
SuperScript III Reverse Transcriptase. First strand synthesis was carried out by
incubating the reaction mix at 50◦C for 60 mins, followed by the inactivation
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of Reverse Transcriptase via heating at 70◦C for 15 mins before cooling and
storing at -20◦C.
2.8.3 Quantitative reverse transcription-PCR (qRT-PCR)
The cDNA products were diluted 10 times before 1 µL of it was used for
qRT-PCR in a reaction mix of 10 µL, which also contained 0.4 µM of each
forward and reverse primer and 1× LightCycler R© SYBR Green I Master
buffer (Roche Diagnostics, Germany). Three biological replicates per
treatment or sample group were used for transcriptional quantification by
qRT-PCR, and each individual sample was prepared with three technical
replicates. SybrGreen fluorescent intercalating dye (Roche Diagnostics,
Germany) was used for quantification of relative transcript abundance.
GLYCERALDEHYDE-3-PHOSPHATE DEHYDROGENASE C2 (GAPC2) and
PROTEIN PHOSPHATASE 2A SUBUNIT A3 (PP2AA3) were used in each
experiment as housekeeper genes control interchangeably or concurrently.
Details of all primers used are listed in Table 2.7. qRT-PCR was performed on
Roche LightCycler480 (Roche Diagnostics, Germany) in 384-well plates, using
the amplification conditions of: 10 mins at 95◦C (a ramp rate of 4.8◦C per
second), 50 cycles of 10 s at 95◦C (4.8◦C per second), 30 s at 62◦C (2.5◦C per
second), 30 s at 60◦C (2.5◦C per second), before introducing a final melting
temperature of 95◦C for 30 s at a ramp rate of 2.5◦C per second. The reaction
was finally cooled to 40◦C for 10 s at a ramp rate of 2◦C per second.
Target Locus ID Primer name Primer sequence
GAPC2 At1g13440 GAPC2_5’F Forward: ACAGTTCTCGTGTCGTTGACC
GAPC2_5’R Reverse: ACCACACACAAACTCTCGCC
PP2AA3 At1g13440 PP2AA3_3’F Forward: CGACCAAGCGGTTGTGGAGA
PP2AA3_3’R Reverse: CACAATTCGTTGCTGTCTTCTTT
SAL1 At5g63980 SAL1_LP2 Forward: TGCTCGAGGAAGGGAAAGTA
SAL1_RP2 Reverse: AGAACGATGCCTCTTCAGGA
Table 2.7 – List of qRT-PCR primers used in this thesis. GAPC2 and PP2AA3
primers were kindly provided by Peter Crisp, Pogson Laboratory and SAL1
primers were kindly provided by Kai Xun Chan, Pogson Laboratory.
The results of transcript quantification in real-time were analysed with the
Roche LightCycler 480 software using the relative quantification method. The
relative abundance of transcripts was then calculated using the following
formula from Pfaffl (2001):
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Ratio =
(Etarget)∆CTtarget(control−sample)
(Ere f )
∆CTre f (control−sample)
where E represents the qRT-PCR efficiency calculated using a standard
dilution series with four different dilutions (10× difference from one another);
∆CT is the threshold crossing point fluorescence determined using the fit
point method; target refers to the gene of interest, and ref is the
house-keeping gene (GAPC2 or PP2AA3) for sample normalization. GAPC2
and PP2AA3 were selected as house-keeping genes since their expressions
were relatively stable even under abiotic stress treatments (Czechowski et al.,
2005).
2.9 Protein expression analysis
2.9.1 Protein extraction from plants
Trichloroacetic acid (TCA)/Acetone precipitation method was used to extract
plant proteins from desired tissues. 50-100 mg of tissue was harvested, flash
frozen and ground in a 2 mL Eppendorf tube containing 1/8" steel ball
bearing by shaking at 25 Hz for 2 mins using Tissue Lyser R© II (Qiagen,
Hilden, Germany). Proteins were then extracted from the finely ground tissue
into 1 mL of protein extraction solution [10% TCA and 0.07% DTT in acetone]
by three rounds of 15-second sonication at 4◦C. Samples were then incubated
for at least 1 hour up to overnight on dry ice to allow the proteins to
precipitate out from solution before centrifuging at 14000 rpm for 15 mins at
4◦C. Subsequently, the pellet was washed with acetone containing 0.07% DTT
by vortexing and kept on dry ice for at least 30 mins prior to another
centrifugation step as before. The washing step was repeated twice before the
pellet was dried using a Speed Vac for 5 mins and the protein solubilisation
buffer containing 9 M urea, 4%(w/v) CHAPS, 1%(w/v) DTT and 35 mM Tris
base was added to the sample. The sample was sonicated as before to
facilitate the re-solubilisation of protein into the buffer added. Finally, the
samples were centrifuged at 14000 rpm for 15 mins and the supernatant
containing the extracted protein was recovered into a fresh 1.5 mL Eppendorf
tube. The total protein extracted was quantified by Bradford assay as detailed
at the end of section 2.3.6.1.
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2.9.2 Protein detection by Western blot
Five microgram of plant total protein extract and 5 ng of Arabidopsis
recombinant SAL1 (rSAL1) control were resolved on a 4-12% (w/v)
SDS-PAGE (Bolt, Invitrogen) at 165 V for 38 mins. The gel was then either
stained with GelCode R© Blue Safe Protein Stain Reagent (Pierce, USA)
according to manufacturer’s instructions or electrotransferred to an activated
polyvinylidene fluoride (PVDF) membrane. The transfer was carried out in a
Trans-Blot Turbo Transfer system (Bio-Rad, USA) for 7 mins at 1.3 mA and 25
V according to manufacturer’s manual. The transfer of proteins onto the
membrane was verified by staining the membrane with Ponceau [0.2% (w/v)
Ponceau S and 2% Acetic acid] before proceeding to immuno-blotting. SNAP
I.D. system (Milipore, USA) was used for Western blotting. The membrane
was first blocked with 30 mL of 0.5% (w/v) filtered milk [non-fat milk
powder dissolved in 0.05% (v/v) Tween in Phosphate Buffer Saline (PBST),
which consisted of 136 mM NaCl, 3 mM KCl, 8.1 mM Na2HPO4, 1.5 mM
KH2HPO4, 0.4 mM Tween-20] under vacuum suction before incubating with
1:1000 dilution of polyclonal antibodies raised against Arabidopsis rSAL1
(anti-rSAL1 IMVS, IMVS, Adelaide) in rabbit for 10 mins. The primary
antibody was then washed away under vacuum suction with three washes of
30mL PBST, followed by incubating the membrane with secondary antibody
[1:3000 dilution of HRP-conjugated goat anti-rabbit IgG (Pierce, USA)] for
another 10 mins. Excess antibodies were washed off the membrane with PBST
as before. Finally, the membrane was developed using the the Amersham
ECL Prime Western Blotting Detection Reagent (GE Healthcare, UK) and the
chemiluminescence was visualised under FUSION-SL Chemiluminescence
System (Vilber Lourmat, France).
2.10 Statistical analysis
GraphPad InStat software (version 3.06) or R software version 3.0.2
(http://www.rproject.org/) was used to perform one-way analysis of
variance (ANOVA) to test for significant (p<0.05) differences between three or
more sample groups under a particular treatment or time point (a single
independent variable). When the analyses involved more than one
independent variable, multiple-way ANOVA was performed using the R
software and all ANOVA analyses were followed by post-hoc test where
Tukey’s Honestly Significant Difference (HSD) post-hoc test was performed
when R software was used. The two-sample student’s t-test (assuming equal
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variance) was used when comparing two sample groups of interest.
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Chapter 3
Manipulating PAP levels by
fine-tuning SAL1 expression
3.1 Overview
SAL1 functions in secondary sulfur metabolism to degrade the sulfation
by-product 3’-phosphoadenosine 5’-phosphate (PAP) into adenosine
monophosphate (AMP) and inorganic phosphate (described in Section 1.5).
The pleiotropic sal1 mutant phenotypes demonstrate that high PAP levels are
detrimental to plant growth and development (Section 1.5.2). Consequently,
PAP is normally kept at very low levels during most of plant developmental
stages, presumably due to its ability to inhibit 5’- 3’ EXORIBONUCLEASES
(XRNs) activities, which are important for efficient RNA metabolism (Gy
et al., 2007; Estavillo et al., 2011) and perhaps development. Nonetheless,
having high PAP levels can confer better drought tolerance to Arabidopsis
plants, and PAP is also a drought stress retrograde signal (Estavillo et al.,
2011). Hence, the negative effects of PAP on development are counterbalanced
by its positive roles in stress signalling.
Multiple lines of evidence suggested that the altered rosette morphology
of sal1 in Arabidopsis is not essential for its improved drought tolerance. For
example, sal1 revertants with more wild-type-like rosette morphology as a
consequence of additional mutation(s) introduced by ethyl methanesulfonate
(EMS), retained their drought tolerance and high PAP accumulation
(Supplementary Figure 6.1). Additionally, when grown under very low light
conditions (< 50µmol photons m−2 s−1), sal1 shared similar rosette phenotype
as the wild-type Arabidopsis plants but remained more drought tolerant
(Supplementary Figure 6.2). This reversion of sal1 rosette morphology under
very low light conditions provides support to the findings of Kim and von
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Arnim (2009) that sal1 is hypersensitive to light. Thus, the altered rosette
morphology of sal1 is likely due to mis-regulated light sensing and/or
signalling mechanism(s), which may be uncoupled from its drought tolerance
phenotype. The manipulation of SAL1 expression, and hence PAP levels, to
engineer drought tolerant plants with minimal negative effects on plant
growth and development is therefore an attractive prospect.
This chapter investigates the possibility of engineering Arabidopsis plants
to be more tolerant to water limiting conditions by manipulating the PAP
levels through ectopically regulating SAL1 expression, without compromising
plant growth and development. Arabidopsis leaf production and rosette
growth are the most active during the early half of its lifecycle (Boyes et al.,
2001). Therefore, I hypothesised that I may be able to improve plant drought
tolerance while minimising the negative impact on rosette growth by
restricting the PAP accumulation to a later developmental stage or only when
it is required (i.e. prior to drought). To test these hypotheses, two main
strategies were attempted: a) inducible-silencing of SAL1 in the wild-type
background and b) embryogenesis-specific and chemical-inducible
complementation of SAL1 in the sal1 mutant background. Two different
alleles of sal1 knockout mutants, altered expression of APX2 8 (alx8) (a point
mutation) and fry1-6 (T-DNA insertion), were used interchangeably in this
thesis. Both mutations result in no production of SAL1 protein (Wilson et al.,
2009).
Rapid advancement in DNA and RNA biology research has allowed for
the development of various gene silencing approaches ranging from hair-pin
RNA interference (hpRNAi), artificial microRNA (amiRNA), virus-induced
gene silencing (VIGS) to microRNA-induced gene silencing (MIGS) (Felippes
et al., 2012). All of these rely on the plant endogenous RNA processing
machinery, specifically DICER-LIKE (DCL) proteins and RNA-induced
silencing complexes (RISCs), coupled with their target-specificity for
successful gene silencing. Although multiple successful gene silencing events
were reported for each approach, our incomplete understanding on RNA
processing mechanisms in plants is reflected by the observation that different
genes have their “intrinsic” property to be silenced distinctively by the
various approaches (McGinnis et al., 2005; Ossowski et al., 2008).
Consequently, two different silencing approaches -hpRNAi and amiRNA-
which generate different species of small RNA [small interfering RNA
(siRNA) and microRNA (miRNA), respectively], were attempted for the
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manipulative silencing of SAL1. A Dexamethasone (Dex)-inducible system (a
chemical-inducible system) was used to artificially trigger SAL1 silencing at
any desirable stages of development. The results of SAL1 silencing in
wild-type Arabidopsis for engineering wild-type-looking drought tolerant
plants are described below.
3.1.1 Preliminary findings on the Dex-inducible SAL1hpRNAi
system
The Dex-inducible hpRNAi silencing system was first described in
Arabidopsis by Wielopolska et al. (2005). The very low leakiness before, and
high inducibility after, Dex treatment, coupled with rapid switch off upon
removal of the chemical inducer on transformed plants were demonstrated
using hpRNAi construct targeting the gene encoding for a key enzyme that
regulates carotenoid biosynthesis - PHYTOENE DESATURASE (PDS)
(Wielopolska et al., 2005). Based on the superior efficiency of this
inducible-hpRNAi system relative to other chemical-inducible systems, this
system was adopted to silence the SAL1 gene in an inducible manner
(Pornsiriwong, unpublished). A schematic diagram of the Dex-inducible
SAL1hpRNAi vector is shown in Figure 3.1.
Figure 3.1 – Schematic diagram of the Dex-inducible SAL1hpRNAi construct.
pOp6 promoter is a bi-directional promoter that activates both adjacent genes
coding for SAL1hpRNAi construct (yellow) and the β-glucuronidase (GUS)
reporter gene (blue). LhGR is a transcription factor required to activate the pOp6
promoter. Although it is under the control of a strong 35S promoter, the LhGR
transcription factor can only activate pOp6 in the presence of Dex.
Initial characterization of transgenic lines harbouring the Dex-inducible
82 Manipulating PAP levels by fine-tuning SAL1 expression
SAL1hpRNAi in collaboration with Dr. Wannarat Pornsiriwong (2011) showed
promising results (Figure 3.2). Generally, the SAL1 transcript and PAP levels
are comparable to wild-type under standard growth conditions. Upon three
weeks of 20 µM Dex treatment via soil drenching, the transgenic lines showed
approximately 70-80% reduction in SAL1 transcript levels and 5-fold increase
in PAP levels when compared to wild-type Arabidopsis (Figure 3.2A and B).
More importantly, some of the transgenic lines survived better than the
wild-type control after a 14-day drought through water withholding (Figure
3.2C). The specificity and responsiveness of the inducible system was further
confirmed by positive GUS staining only in the transgenic lines but not in the
wild-type and sal1 mutant controls (Figure 3.2D). Additionally, the SAL1
protein levels in the wild-type, sal1 mutant and the three transgenic lines after
Dex treatment were qualitatively examined via Western blot. Even without
taking into account the unequal loading of protein samples into each well,
SAL1 protein levels in all three transgenic lines were visibly lower than the
Col-0 control (Figure 3.3). Collectively, all the preliminary evidence suggest
that the Dex-inducible SAL1hpRNAi system worked as expected.
3.2 Dex-inducible silencing of SAL1 in wild-type
Arabidopsis
3.2.1 Optimising Dex concentration for the Dex-inducible
system
To confirm the reproducibility of the preliminary findings while optimizing
for the minimal Dex concentration needed for effective induction of the SAL1
silencing, one of the three previously characterised Dex-inducible
SAL1hpRNAi transgenic lines (hp2.10) was germinated and grown under
various Dex concentrations (0, 5, 10, 15, 20 µM), rather than commencing
single concentration of Dex treatment after two weeks of growth on soil as
before. There were no apparent differences in rosette morphology between
the hp2.10 treated with different dosages of Dex (Figure 3.4A). Some rosette
size variation was observed within a treatment group, especially within the 5
µM Dex treatment group as the plant growth was affected after transplanting
from a different pot. When the rosette compactness was quantified using the
Scanalyzer image analysis function (Figure 3.4B), higher Dex concentration
treatment correlated with slightly higher rosette compactness; where the
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Figure 3.2 – Preliminary characterisation of Dex-inducible SAL1hpRNAi
transgenic lines. Dex treatment via soil drenching commenced on two-week-old
seedlings and continued for three weeks before tissue harvesting and drought
experiment were performed. A) SAL1 transcript relative to wild-type (Col-0),
normalised to GAPC2 house-keeping gene, of three different transgenic lines,
with or without 20 µM Dex treatment (n=3). B) PAP levels, quantified using High
Performance Liquid Chromatography (HPLC), in three transgenic lines, and
Col-0 and alx8 (sal1) as controls (significant difference relative to wild-type is
denoted by * above the bar, p<0.05) after treated with 20 µM Dex. n=4 for all
genotypes. C) Photos of representative plants (left) and their identities (right)
after 14 days of drought and two days of re-watering. D) GUS histochemical
analysis of plants with (below) and without (above) 20 µM Dex treatment.
Adapted from Pornsiriwong (2011).
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Figure 3.3 – SAL1 abundance in Col-0, sal1 (alx8) and Dex-inducible
SAL1hpRNAi lines after Dex treatment. Following three weeks of Dex
treatment, leaf tissues of Col-0 (wild-type), sal1 mutant and three different
Dex-inducible SAL1hpRNAi transgenic lines (hp2.7, hp2.10 and hp3.10) were
harvested for protein extraction. Protein extracted from the different genotypes
(three biological replicates each) were run on two separate gels. A) One of the
gels was stained with Thermo Scientific GelCode Blue Safe Protein Stain. B)
Proteins in another gel were transferred to PVDF membrane and stained with
Ponceau stain (bottom) before probing with SAL1-specific antibody and
visualized under chemiluminescence (top).
compactness was quantified as a ratio of the actual rosette area over the
convex hull area of the rosette. However, the differences were not statistically
significant. Nevertheless, drought tolerance between the differentially
Dex-treated hp2.10 did not vary drastically (Figure 3.4C). Furthermore, SAL1
reduction after Dex treatment was not as drastic as before (Figure 3.4D
compared to Figure 3.3). In summary, the previously observed improved
drought tolerance of the hp2.10 could not be replicated after the prolonged
Dex treatment, which started two weeks earlier than before. This observation
may suggest that prolonged Dex treatment may somehow desensitise the
Dex-inducible system.
3.2.2 Dex-inducible silencing of SAL1 is not reproducible
Since the best-performing line during the preliminary characterisation,
hp2.10, did not respond well to Dex, a screening for additional Dex-inducible
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Figure 3.4 – Phenotyping of Dex-inducible SAL1hpRNAi line ]2.10 under various
dosages of Dex treatment. Hp2.10 transgenic line was treated with 0, 5, 10, or 20 µM of
Dex via soil drenching every three days since germination before subjected to
phenotyping and drought assay. A) Images of hp2.10 treated with various concentrations
of Dex, taken when the plants were four weeks old. These images were used to generate
B) image analysis data (from Scanalyzer) for quantification of rosette compactness [as a
ratio of actual rosette area over convex hull area of the rosette](top) and rosette area [in
cm2] (bottom). C) Drought tolerance of these hp2.10 was scored (based on Fv/Fm value)
in terms of number of days survived after water-withholding (n=3). Error bars denote
standard deviation. D) Total protein extracted from hp2.10 leaf tissues treated with 0 and
15 µM Dex respectively were run in two protein gels (n=2). One for staining (left) and the
other one for Western blot (right), which was probed for SAL1 and PEPC as loading
control. Dilution series of 1:1, 1:2 and 1:5 were loaded for each sample.
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SAL1hpRNAi transgenic lines was performed. This screening was first based
on kanamycin resistance of the hpRNAi transgenics, followed by GUS
histochemical assay performed two days after 20 µM Dex treatment to verify
the presence of the Dex-inducible SAL1hpRNAi construct (Figure 3.5). Five
individual biological replicates from each of the 21 extra T2 lines that are
kanamycin resistant were treated with Dex via leaf painting two days before
sampling for GUS histochemical analysis. Based on the visual observation of
staining results, the newly isolated transgenic lines were classified into five
distinct groups. When all five replicates of the T2 transgenic lines consistently
showed strong GUS staining results, they were grouped into class A, which
consists of hp8, hp12, hp17, hp19 and hp36. The majority of the isolated lines
showed inconsistent staining and based on the number of replicates that
showed strong GUS staining, they were classified into groups B to D
accordingly. Hp29 is the only transgenic line that consistently showed
moderate to weak GUS staining and hence it is the only one in class E.
Meanwhile, hp37 is a false positive as it consistently showed no GUS staining
despite being kanamycin resistant. At least one representative Dex-inducible
SAL1hpRNAi line from almost every class was selected for further
characterization in the next generation (T3) to confirm these T2 GUS staining
observations.
To further characterise the new lines, qualitative GUS histochemical
staining, in combination with quantitative GUS activity assay were performed
on the selected homozygous T3 transgenic lines after Dex treatment to search
for Dex-inducible SAL1hpRNAi lines with the best Dex inducibility
throughout the plant. Overall, the GUS histochemical staining results in T3
generation (Figure 3.6A) coincided with the T2 GUS staining observations
(Figure 3.5): no staining was observed for progenies of hp37, T3 seedlings of
hp29 showed variable GUS staining pattern and intensity while majority of
the class A and class B transgenic lines’ progenies showed consistent and
strong GUS staining result. Interestingly, progenies of hp13, and hp33, which
are from class C, consistently had only its roots stained rather than the whole
seedlings as shown by other lines. Some of these GUS staining results agreed
with quantitative GUS activity measurement on the different transgenic lines,
but not all. For instance, the GUS staining results for progenies of hp34
consistently showed strong GUS staining in both T2 and T3 generations but
when GUS activity was measured in the T3 progenies, they were the lowest
among the different lines sampled (Figure 3.6B). Similar result disagreement
was also observed for progenies of hp10. Nonetheless, hp19, hp21 and to a
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Figure 3.5 – GUS staining results of additional T2 Dex-inducible SAL1hpRNAi
transgenic lines. Approximately 20 more transgenic lines isolated based on
kanamycin resistance were screened by GUS histochemical staining, which was
performed on four-week-old plants after two days of Dex treatment via
leaf-painting (n=5). GUS staining intensities were scored for all five plants used
for each line. Based on the staining result, each of the transgenic lines was
classified based on the number of replicates that gives strong staining result
(class A = best to class E = worst). Two examples of the GUS staining results are
shown on the right panel (top and bottom), which includes two replicates per
line and the respective line numbers are shown on top of each well.
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certain extent hp36, which consistently showed highest GUS staining and
activity results after Dex treatment, were identified as the lines with high
Dex-inducibility in both shoot and root.
An ideal Dex-inducible SAL1hpRNAi system requires efficient silencing of
SAL1 in addition to the high Dex-inducibility. Hence, SAL1 transcript levels of
the T3 transgenic lines were quantified after Dex-treatment using quantitative
reverse transcription polymerase chain reaction (qRT-PCR) (Figure 3.7). The
same set of Dex-inducible SAL1hpRNAi transgenic lines confirmed to be
homozygous was treated with 20 µM Dex via soil drenching for either one or
two weeks (Figure 3.7 A and B respectively). The GUS activity of the different
transgenic lines relative to one another, as designated by the red-colour
intensity in Figure 3.6B, did not correlate well with their corresponding SAL1
transcript levels relative to wild-type control regardless of the length of Dex
treatment (summarised in Figure 3.7C). Besides, an additional week of Dex
treatment did not further improve SAL1 silencing efficiency but decreased the
overall silencing instead, as indicated by the reduced number of transgenic
lines with lower-than-wild-type SAL1 trancript levels. This has again
suggested that prolonged Dex treatment may desensitise the Dex-inducible
system. Nevertheless, progenies of hp21 consistently displayed the lowest
SAL1 transcript levels after both one week and two weeks of Dex treatment.
Combining the above results on GUS histochemical staining, GUS activity
assay and SAL1 transcript levels quantification in the Dex-inducible
SAL1hpRNAi trangenic lines, hp21 is confirmed as one of the best candidate
lines with high Dex-inducibility and SAL1 transcript silencing efficiency upon
Dex treatment. The lack of consistency between GUS staining (Figure 3.6) and
SAL1 gene silencing (Figure 3.7) could be due to differences in Dex uptake.
Therefore, I decided to investigate how different Dex application treatments
affect gene silencing in three of the best lines. For this, hp2.7, hp21.7 and
hp2.10 were grown on soil for four weeks before treatment with Dex via two
different methods: 1) through a hydroponic system for a day or 2) through
soil drenching for two days and assessed by GUS histochemical staining. Dex
treatment of plants via the hydroponic system yielded much more intense
staining results compared to those treated via soil drenching (Figure 3.8A).
However, even under a better Dex treatment method (hydroponics), hp21.7
did not perform as well as the previously characterised hp2.7 and hp2.10 lines
in terms of SAL1 silencing efficiency (Figure 3.8B). Consequently, the newly
isolated hp21 line is not a good representative transgenic line for the
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Figure 3.6 – Screening for T3 Dex-inducible SAL1hpRNAi transgenic lines with
the best Dex inducibility in both shoot and root. Two-week-old plate grown
seedlings were transplanted to fresh plates with 20 µM Dex two days before the
whole seedlings were harvested for A) qualitative and B) quantitative GUS
activity assays. The bars’ red colour intensity were used to show the extent of
GUS activity quantified in this set of transgenic lines (a different shade of red was
assigned for every 10nM of MUG hydrolysed/min/µg protein), which will be
maintained in the subsequent graphs for easy comparison. At least 20 seedlings
were pooled to obtain 200mg tissues for the quantitative GUS activity assays.
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Figure 3.7 – SAL1 transcript quantification of T3 Dex-inducible SAL1hpRNAi
transgenic lines after Dex treatment. Leaf tissues of three-week-old and
four-week-old transgenic lines were harvested for SAL1 transcript quantification
after treated with 20 µM Dex via soil drenching for A) one week and B) two
weeks respectively. n=1. C) A scatterplot of the SAL1 transcript levels [quantified
in A) and B)] versus GUS activity assays (quantified in Figure 3.6B) for the
transgenic lines were plotted. Bars’ and points’ colour were carried over from
Figure 3.6, except for wild-type control (white) and hp2.7 (grey) control.
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Dex-inducible SAL1hpRNAi transgenic system.
Since none of the characterised transgenic lines consistently silenced SAL1,
screening for more Dex-inducible SAL1hpRNAi transgenic lines was
performed. Ultimately, the Dex-induced SAL1 silencing was hoped to be
translated into increased PAP levels. Therefore, both SAL1 transcript and PAP
levels were quantified. Taking into account the previous observations that
prolonged Dex treatment (more than three weeks) via soil-drenching was
suboptimal for gene silencing, transgenic lines together with wild-type (Col-0)
and the sal1 mutant fry1-6 [a T-DNA insertional mutant (Kim and von Arnim,
2009)] controls were germinated and grown on MS media containing 20 µM
Dex, with more Dex freshly added to the medium the day before tissue
harvesting (Figure 3.9). A few of the previously characterised transgenic lines
were also included for comparison. SAL1 transcript abundance in the sal1
mutant was almost double that of wild-type, which is likely due to metabolic
feedback from the absence of functional SAL1 protein.
The overall extent of SAL1 silencing in the transgenic lines was better than
the earlier experiments as a larger proportion of the hpRNAi lines tested
showed lower SAL1 transcript levels than Col-0. More than 10 transgenic lines
out of the 30 lines tested possessed at least 40% reduction in SAL1 transcript
level when compared to Col-0 (Figure 3.9A). Among the previously
characterised transgenic lines (coloured in red), the silencing efficiency
relative to one another again differed from previous observations (as depicted
by the randomised intensities of the red bars) and hp21 did not perform as
well as before. Interestingly, when PAP content in the transgenic lines were
quantified, they remained similar to that of Col-0 regardless of the extent of
SAL1 transcript reduction. Among the 30 transgenic lines screened here, only
hp12, hp69 and hp56 showed about two-fold higher PAP levels than the
wild-type control (Figure 3.9B). While the biological significance of this slight
increase in PAP levels remains unclear, the frustratingly poor SAL1 silencing
efficiency achieved using this Dex-inducible system deserves further
investigation. This observation could suggest that either the SAL1 protein is
very stable or the reduced SAL1 product from the remaining 30% to 40%
SAL1 transcript of wild-type level is sufficient to keep the PAP levels at the
desired physiological level. More importantly, all the results presented in this
section have demonstrated that the Dex-inducible silencing of SAL1 is
inefficient and not reproducible.
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Figure 3.8 – Comparison of two different Dex-feeding methods on the three
best Dex-inducible SAL1hpRNAi lines (hp2.7, hp21.7 and hp2.10).
Four-week-old soil-grown plants were treated with 20 µM Dex via soil drenching
or hydroponics. A) GUS histochemical staining was performed after two days of
Dex treatment via soil drenching or one day of Dex treatment via a hydroponic
system, where plants were gently removed from soil and transferred to
hydroponic solution with 20 µM Dex added (n=3 biological replicates per
genotype per treatment). B) SAL1 transcript levels, relative to non-Dex treated
Col-0, of the different SAL1hpRNAi lines, with and without Dex treatment via
hydroponic, were quantified using qRT-PCR. n=3.
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Figure 3.9 – SAL1 transcript and PAP levels of existing and additional T2
Dex-inducible SAL1hpRNAi lines in comparison to the sal1 mutant (fry1-6)
and wild-type (Col-0). Two-week-old seedlings germinated and grown on MS
supplemented with 20 µM Dex were harvested for A) SAL1 transcript
quantification relative to the Col-0 control via qRT-PCR and B) PAP
quantification using HPLC. At least 10 seedlings per transgenic line were pooled
for each quantification. Transgenic lines characterised before are coloured with
red and the intensity of red colour is inherited from Figure 3.6B while the
wild-type control is indicated in black. Hp21, which showed highest repression
of SAL1 upon one to two weeks of Dex treatment, is coloured in grey, whereas
the additional transgenic lines together with fry1-6 control are depicted in blue.
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3.2.3 SAL1 is resistant to constitutive silencing
A maximum of 70% SAL1 transcriptional repression was detected after
screening at least 40 different Dex-inducible SAL1hpRNAi transgenic lines
while majority of the transgenic lines showed at most 40% reduction in SAL1
transcript levels when compared to wild-type. This resulted in no change in
rosette morphology and PAP levels of the transgenic lines despite regular Dex
treatment since germination. To test whether the poor silencing of SAL1 is
due to the Dex-inducible system itself or the SAL1-targeting fragment, the
same SAL1-targeting fragment was inserted downstream of a strong
constitutive CaMV35S promoter in a pAgrikola vector backbone using the
same method as before - Gateway R© LR reaction (Figure 3.10). The presence
of the SAL1-targeting fragment in the pAgrikola vector was confirmed by
polymerase chain reaction (PCR) (Supplementary Figure 6.3).
SAL1 transcript levels and PAP content of the successful transformants,
selected based on BASTA herbicide resistance, were quantified. Under strong
constitutive 35S promoter, up to 80% reduction in SAL1 transcript levels was
achieved in the T1 generation of 35S:SAL1hpRNAi transgenic lines when
compared to wild-type (Figure 3.11A). In fact, more than half of the
transgenic lines showed at least 60% reduction in SAL1 transcript levels
relative to the wild-type control while a minimum of 40% reduction was
achieved among the 30 different T1 transgenic lines characterised. However,
PAP levels remained low in these transgenic lines when compared to the sal1
null mutant (fry1-6) (Figure 3.11B). Although, a number of them did show at
least a two-fold increase in PAP levels when compared to the wild-type
control, the increase in PAP levels did not correlate well with the
corresponding SAL1 transcript levels (Figure 3.11C). To verify the
reproducibility and the significance of the slightly higher PAP levels observed,
some of these transgenic lines were chosen for re-analysis of PAP content in
the following T2 generation.
Five BASTA-resistant replicate plants per transgenic line were pooled
together for PAP quantification since they are from the T2 segregating
population. Surprisingly, all the tested T2 35S:SAL1hpRNAi lines showed
wild-type-like PAP levels (Figure 3.12). Hence, the poor PAP accumulation
detected in both constitutive and chemical-inducible SAL1hpRNAi lines is
likely not due to the promoter but rather the hpRNAi construct or the SAL1
gene itself. Using the same constitutive system, the majority of the transgenic
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Figure 3.10 – Construction of 35S:SAL1hpRNAi expression vector. Desired
SAL1-targeting DNA fragment was PCR amplified and cloned into the
pCR R©8/GW/TOPO R© TA cloning entry vector as per manufacturer’s
instructions. This results in the SAL1-targeting DNA fragment flanked at both
sides by attL sites, allowing the insertion of the desired fragment into the
designated sites in the pAgrikola vector containing the attR sites via Gateway LR
reaction.
lines showed more than 90% transcriptional repression when used to target
other genes, with a minimum repression of 70% recorded (Nisar, 2012). This
suggests that the poor silencing of SAL1 by the hpRNAi strategy is likely due
to the SAL1 gene itself, rather than the vector system used; either the specific
regions of SAL1 targeted by the hpRNAi construct designed or the whole
SAL1 gene itself is somehow resistant to silencing. The resistance may be
specific to siRNA, or be against small RNAs in general.
Therefore, SAL1 gene silencing via amiRNA was attempted since this
approach relies on the generation of miRNA to silence the target gene(s). The
SAL1amiRNA constructs were designed to target two different regions (5’ -
amiRNA 339 and 3’ - amiRNA 1002) of the SAL1 gene and that are distinct
from the original target site of the SAL1hpRNAi construct. The
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Figure 3.11 – SAL1 transcript and PAP levels of T1 35S:SAL1hpRNAi lines
compared to wild-type (Col-0) and sal1 (fry1-6) controls. Leaves of
five-week-old plants were harvested for A) SAL1 transcript quantification using
qRT-PCR [expressed as relative to wild-type control (black bar)], and B) PAP
quantification using HPLC. C) A scatterplot for the PAP content versus SAL1
transcript levels in the transgenics and control. Wild-type control is coloured in
black. n=1 for each transgenic line.
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Figure 3.12 – PAP content of T2 35S:SAL1hpRNAi lines compared to wild-type
(Col-0), with and without BASTA resistant gene, together with sal1 (fry1-6)
controls. Leaves of three-week-old plants from five different individuals per
trangenic line were pooled for PAP quantification using HPLC.
SAL1-targeting amiRNA were designed using Web MicroRNA Designer
(WMD) (http://wmd3.weigelworld.org, Schwab et al. (2006)). Both the
amiRNA 339 and amiRNA 1002 precursors were constructed via a series of
overlapping PCR to modify the existing miRNA sequence present in the
MIR319a gene in the pRS300 vector (Schwab et al., 2006). The resulting PCR
products were cloned into the pCR R©8/GW/TOPO R© TA cloning entry vector
for sequence verification before inserting into the final destination vector -
pMDC32. A diagram summarising the amiRNA vector construction for plant
transformation can be found in Figure 3.13 and examples of sequencing
results confirming the sequence identity of amiRNA339 and amiRNA1002 are
shown in Supplementary Figure 6.4.
Hygromycin resistant T1 plants harbouring the amiRNA339 construct
were characterised for their SAL1 transcript and PAP levels (Figure 3.14A and
B respectively). Among the 35 T1 transgenic lines screened, a maximum of
75% reduction in SAL1 transcript levels was achieved (Figure 3.14A).
However, only two lines showed more than 60% reduction in the SAL1
transcript level while majority of the T1 35S:SAL1amiRNA339 transgenic lines
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Figure 3.13 – A schematic diagram summarising the amiRNA vector
construction. The synthesis of amiRNA precursors are depicted on the left
panels while the cloning process of the amiRNA precursors into the expression
vector is shown on the right. Sequential overlapping PCR [A)] and [B)] were
performed using MIR319a gene in the pRS300 vector as template to modify the
existing miR319a sequence to the desired sequences designed to target 339bp
and 1002bp regions of SAL1 respectively. The resulting amiRNA precursor PCR
product [C)] if transcribed can spontaneously fold into stem-loop structure as
shown in [D)], which can then be processed into functional miRNA by DCL and
RISCs proteins. The amiRNA precursors synthesised were cloned into
pCR R©8/GW/TOPO R© TA cloning entry vector for sequence confirmation before
inserted into pMDC32 final destination vector via Gateway LR reaction.
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showed 30% to 50% transcriptional repression. In contrast to the more than
60% SAL1 transcriptional repression achieved by majority of the
35S:SAL1hpRNAi lines, 35S:SAL1amiRNA339 transgenics clearly did not
perform as well. Moreover, the PAP levels in all the T1 35S:SAL1amiRNA339
transgenic lines screened remained comparable to that of wild-type (Figure
3.14B). Consequently, only PAP levels of the T1 35S:SAL1amiRNA1002
trangenic lines were characterised and the poor SAL1 silencing was also
observed for all of the 32 transgenic lines screened, which displayed wild-type
levels of PAP (Figure 3.14C). These findings are in contrast to better gene
silencing efficiency achieved by using amiRNA over hpRNAi strategies
(McHale et al., 2013). Nevertheless, it has long been observed that different
genes have distinctive susceptibilities to silencing by artificial gene silencing
approaches, regardless of the region of the gene targeted (McGinnis et al.,
2005).
3.2.4 Is PAP accumulation a general inhibitor of gene
silencing?
Since most of the gene silencing strategies rely on Post Transcriptional Gene
Silencing (PTGS) mechanisms, I decided to check whether the described
altered RNA processing mechanisms in sal1 could affect small RNA-mediated
transcript-level silencing efficiency. Gy et al. (2007) showed that SAL1, XRN2
and XRN3 are PTGS suppressors. Meanwhile, Gazzani et al. (2004)
demonstrated that transgene silencing was promoted in xrn4 when uncapped
mRNAs were incorporated into RNA-dependent RNA polymerase (RdRp) to
generate double-stranded RNA (dsRNA). The potential negative feedback
loop between successful silencing of SAL1 and the silencing of the hpRNAi or
amiRNA transgenes could be the basis for lack of SAL1 silencing.
To verify if altered RNA metabolism in sal1 can affect RNA silencing
efficiency by hpRNAi, two different PDS-targeting hpRNAi constructs were
transformed into the sal1 mutant fry1-6. PDS encodes for a key enzyme in
carotenoid biosynthesis, and successful silencing of the gene will result in
albino plants. This distinctive phenotype of PDS-silencing makes it a gold
standard to test for gene silencing efficiency in plants. The two PDShpRNAi
constructs used in this thesis have different strong constitutive promoters (35S
and U6 promoters) that are transcribed by different RNA polymerases. Both
successfully silenced the PDS gene in wild-type Arabidopsis (Helliwell et al.,
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Figure 3.14 – SAL1 transcript and PAP levels of T1 SAL1-targeting amiRNA
transgenic lines. Leaf tissues of five-week-old T1 transgenic lines, together with
wild-type (Col-0) and sal1 (fry1-6) as controls, were harvested for the above
quantification. Leaf tissues of amiRNA339 were used for A) SAL1 transcript
quantification using qRT-PCR and B) PAP content measurement using HPLC.
Meanwhile, leaf samples of amiRNA1002 were only used for C) PAP
quantification via HPLC. n=1 for each transgenic line.
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2002; Wang et al., 2008). However, the hpRNAi-induced PDS silencing was
more efficient when driven by U6 promoter in comparison to 35S promoter
(Wang et al., 2008).
Both wild-type and sal1 were transformed with the two constructs and
initial comparison of the transformation efficiencies between the two
genotypes, based on the proportion of seedlings showing bleached
cotyledons, were not significantly different from one another. In accord with
Wang et al. (2008), U6:PDShpRNAi yielded better silencing efficiency than
35S:SAL1hpRNAi. Moreover, both genotypes showed the same extent of
bleaching when transformed with the same construct (Figure 3.15). In other
words, the altered RNA metabolism in the sal1 mutant is unlikely to prevent
gene silencing by hpRNAi from taking place.
Figure 3.15 – hpRNAi silencing is functional in sal1. Examples of Col-0 (top
panel) and sal1 (bottom panel) transformed with 35S:PDShpRNAi (left panel)
and U6:PDShpRNAi (right panel). Photos show 11-day-old seedlings selected on
MS supplemented with kanamycin.
3.3 Embryogenesis-specific SAL1 complementation
of Arabidopsis sal1
After testing some of the most common silencing strategies available -
hpRNAi and amiRNA- with no satisfactory silencing results, I opted for an
alternative strategy: to complement the sal1 mutant with functional SAL1 at
specific stage(s) of plant development. As mentioned earlier, SAL1 is
important for normal plant growth and development but it is also a
suppressor for plant drought responses. Therefore, it is hypothesised that the
presence of SAL1 at the early developmental stages where growth and
development are crucial (i.e. seed to rosette stage) and its absence at later
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developmental stages or prior to drought may promote plant subsistence
during drought with minimal effects on plant development. Assuming that
the SAL1-mediated molecular mechanisms determining rosette morphology
and growth could occur early in development, I attempted to drive the
expression of the SAL1 gene using embryogenesis-specific promoters in the
sal1 mutant.
3.3.1 Identification of embryogenesis-specific promoters
The optimal embryogenesis-specific promoter should have the following
features: highly activated during embryogenesis and gradually inactivated as
the plants germinate and grow, with lowest expression in adult rosette tissues.
As a result of extensive literature search and query of public databases (such
as Electronic Fluorescent Pictograph (eFP) Browser and Genevestigator), the
promoters of the following three genes were selected: LEAFY COTYLEDON 1
(LEC1), ABSCISIC ACID INSENSITIVE 3 (ABI3) and Tandem CCCH Zinc Finger
Protein 6 (TZF6). LEC1 expression is embryonic stage-specific, as its ectopic
expression in vegetative cells can result in embryo-like structures formation
and mis-expression of other embryo-specific genes (Lotan et al., 1998). This
was confirmed using the LEC1 promoter (approximately 1kb upstream from
the start codon) fused to a GUS gene (Siefers et al., 2009; Willmann et al.,
2011). Meanwhile, ABI3 expression throughout embryogenesis of Arabidopsis
up to two-day-old seedlings after germination was demonstrated
independently by Parcy et al. (1994) and Brady et al. (2003) respectively. The
ABI3 promoter regions that are necessary for its strong seed-specific
expression are between -3600bp to -2033bp, -2033bp to -882bp and -882bp to
-364bp (Ng et al., 2004). On the other hand, TZF6 (also known as PEI1)
embryo-specific expression pattern was first characterized by Li and Thomas
(1998). This was further confirmed by RNA gel-blot of TZF6 transcript and
TZF6 promoter:GUS reporter gene expression (Bogamuwa and Jang, 2013).
All the three genes’ expression pattern discussed here can be summarised by
the output data generated from eFP Browser using Developmental Map as
data source (Figure 3.16, and for alternative view in picture format, see Figure
6.5).
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Figure 3.16 – Chart of expression values from the eFP Browser output using
Developmental Map as data source for SAL1, LEC1, ABI3, and TZF6. The eFP Browser
obtained and summarised gene expression data throughout Arabidopsis development,
including tissue-specific array data, from AtGenExpress initiative and Bio-Array
Resource into easy-to-interpret picture format (showed in Figure 6.5) and bar chart
format as presented here (Winter et al., 2007).
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3.3.2 Vector construction for high-throughput cloning of the
embryogenesis-specific promoters upstream of SAL1
cDNA
For efficient cloning of various promoters upstream of the SAL1 cDNA, the
SAL1 cDNA together with a nopaline synthase terminator (nosT) was first
PCR amplified and inserted into the pMDC123 vector, immediately
downstream of the Gateway compatible cassette containing the ccdB gene,
using the conventional cloning method (restriction digests and ligation). The
insertion of the SAL1nosT fragment into pMDC123 was confirmed by
Sanger-sequencing. Concurrently, the three seed-to-germination stage specific
promoters were PCR amplified and cloned into the pENTRTM entry vector
using the pENTRTM Directional TOPO/ R© cloning kit as per manufacturer’s
instructions. The promoter sequences inserted into the entry vector were
confirmed by Sanger sequencing before transferring into the final destination
vector, pMDC123 with SAL1nosT inserted, via a LR reaction. The final
pMDC123pro:SAL1nosT was confirmed by PCR using a primer targeting the
3’ end of the corresponding promoter and another primer targeting the 5’ end
of the SAL1 cDNA. A representative schematic diagram summarising the
cloning process for each of the three seed-to-germination stage specific
promoters upstream of the SAL1 cDNA is shown in Figure 3.17. The
pMDC123-SAL1nosT vectors with three different promoters (TZF6:SAL1nosT,
LEC1:SAL1nosT and ABI3:SAL1nosT) and without promoter
(nopro:SAL1nosT) as control, were transformed into the sal1 mutant fry1-6
using an Agrobacterium-mediated floral dipping method (Zhang et al., 2006).
3.3.3 Efficiency of embryogenesis-specific complementation of
sal1 is masked by enhancer trap effects
Successful transformants were isolated based on BASTA resistance selection.
Additionally, all T2 transformants, particularly those with wild-type looking
rosette morphology, were genotyped to confirm that the original fry1-6
mutation was present. Only two lines of TZF6:SAL1nosT were isolated, while
10 individual lines for each of the other vector constructs ABI3:SAL1nosT,
LEC1:SAL1nosT, and nopro:SAL1nosT were analysed for their PAP levels,
drought tolerance and rosette growth. Both the transgenic lines of
TZF6:SAL1nosT showed very low PAP levels comparable to that of wild-type.
However, transformants with a range of PAP levels were consistently obtained
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Figure 3.17 – A schematic diagram showing the cloning processes involved in
constructing the pMDC123pro:SAL1nosT vector. The SAL1nosT fragment was
PCR amplified using 5’ primer with PacI restriction site and 3’ primer with SpeI
restriction site introduced to the 5’ ends of both primers. Both the SAL1nosT
fragment and pMDC123 vector were digested with PacI and SpeI, allowing the
ligation of the SAL1nosT fragment into the pMDC123 vector ( 1. ). Meanwhile,
the desired seed-to-germination stage specific promoters (i.e. promoters of ABI3,
LEC1 and TZF6) were individually PCR amplified and cloned into the pENTRTM
entry vector using pENTRTM Directional TOPO/ R© cloning kit. Their sequences
were confirmed before LR reaction was performed as denoted by 2. to insert the
individual promoter upstream of SAL1nosT fragment in the pMDC123 vector.
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for the other constructs, including the control nopro:SAL1nosT (no promoter
upstream of SAL1 cDNA) (Figure 3.18). Significantly, rosette morphology of
the transgenics correlated with their respective PAP levels, where smaller and
more compact rosette transgenic lines had higher PAP levels, regardless of
vector. The correlation between PAP levels and rosette development in
Arabidopsis will be explored further in the final discussion at the end of
thesis (see Chapter 5). Based on Figure 3.18, the large fluctuation in PAP
levels are likely due to the zygosity (homo- or hetero-) as the T2 segregating
population was analysed; while the range of PAP levels observed for all
different transgenic lines, including the no promoter control, suggest that
position effects of the transgene insertion within regions of Arabidopsis
genome are dominating and likely to mask the embryogenesis-specific
expression of SAL1.
When the correlations between the drought tolerance and rosette area
across all the transgenic lines, including both the controls (BASTA resistant
Col-0 and sal1 transformed with nopro:SAL1nosT) were investigated (Figure
3.19), all of them showed a similar range of rosette area and days of survival
during drought. The days of survival during drought were inversely
proportional to rosette area, which was similar to that observed in wild-type
Arabidopsis (Wilson et al., 2009). Most of the TZF6:SAL1nosT individuals
(which were mostly wild-type-looking) were larger than the other transgenics
and the BASTA resistant Col-0. As the BASTA-resistant Col-0 did not grow
well in this experiment, particularly after transplanting from other pots upon
selection, they did not grow as big as they normally would. Therefore, based
on the PAP levels and rosette morphology assessments, perhaps the
TZF:SAL1nosT lines were better representative of wild-type control than the
BASTA resistant Col-0 in this experiment. Nonetheless, that no obvious
differences in the spread of rosette size and drought tolerance were observed
between the BASTA resistant Col-0 and the nopro:SAL1nosT controls, despite
the latter being expected to be mostly small and drought tolerant, has again
suggested that there is a strong influence of “enhancer and/or promoter trap”
effect on this sal1 complementation strategy (where the expression pattern of
a gene with promoter inserted into a genome was affected or changed by the
presence of nearby enhancer(s) or the promoterless gene introduced was
expressed when inserted into a transcriptional unit, downstream of a
functional endogenous promoter), rendering this approach less attractive to
pursue. These promoter and enhancer trap effects were long observed and
reported since 1990’s, using GUS reporter gene (Lindsey et al., 1993).
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Therefore, an alternative system utilising chemical-inducible SAL1
complementation of sal1 was also adopted to attempt the manipulation of
SAL1 expression at specific developmental stages.
Figure 3.18 – Photos of five-week-old and PAP content of five-to-six-week-old T2 sal1 tranformed with no promoter control or embryogenesis-specific
expression of SAL1 constructs. PAP content was quantified using HPLC and was expressed as relative to fry1-6 (sal1) for easy comparison. As these are
segregating populations, at least five biological replicates were sampled for each line. Error bar denotes standard deviation. Photos shown above each bar are
representative photos for the corresponding transgenic lines, where the top panel depicts the biggest plant while the bottom panel showed the smallest plant
among the five biological replicates sampled. The results were shown for: A) 10 lines of nopro:SAL1nosT control (SAL1 cDNA without promoter); B) 2 lines
of TZF6:SAL1nosT transgenic lines, C) 10 lines of LEC1:SAL1nosT and D) 14 lines of ABI3:SAL1nosT. The BASTA-resistant Col-0 was used as control in all
PAP measurement assays.
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Figure 3.19 – Correlations between drought survival and rosette area of
controls [A) BASTA-resistant Col-0 and B) nopro:SAL1nosT] and T2
embryogenesis-specific complemented sal1 transgenics [C) TZF6:SAL1nosT, D)
ABI3:SAL1nosT and E) LEC1:SAL1nosT]. Drought stress via withholding water
commenced when the transgenics were 30 days old. Plant survival was assessed
based on the Fv/Fm values that provide good evaluation on plant photosynthetic
activity. Rosette area was quantified using LemnaTec Scanalyser software.
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3.4 Dex-inducible SAL1 complementation of the
Arabidopsis sal1 mutant
3.4.1 Vector construction of Dex-inducible pOpONSAL1nosT
The vector used for chemical-inducible complementation of SAL1 in the sal1
mutant is the Dex-inducible pOpON vector, which was kindly provided by
Dr. Chris Helliwell from CSIRO Plant Industry. The pOpON vector was
derived from the pOpOff vector, where the intron and the second cassette of
ccdB gene was spliced out (compare Figure 3.20 to Figure 3.1). Therefore, a
similar cloning strategy as before was adopted with only a slight variation in
the fragment inserted into the pCR R©8/GW/TOPO R© TA cloning entry vector.
SAL1 cDNA fused to nosT was amplified via PCR and inserted into the entry
vector through TA cloning as per manufacturer’s instructions. The resulting
entry vector with insert was sequenced before LR reaction was performed to
transfer the SAL1cDNAnosT into the final destination vector, pOpON, to
generate Dex-inducible pOpONSAL1nosT construct (Figure 3.20). This
pOpONSAL1nosT vector together with pOpON empty vector as control were
transformed into the sal1 mutant fry1-6.
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Figure 3.20 – Schematic diagram of pOpONSAL1nosT vector construction.
SAL1 cDNA with nosT was amplified using PCR and cloned into
pCR R©8/GW/TOPO R© TA cloning entry vector as per manufacturer’s
instructions. The Dex-inducible pOpON vector was modified from the pOpOff
vector, where the intron and second ccdB cassette were spliced out. The
SAL1nosT fragment was inserted into the pOpON vector via LR reaction.
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3.4.2 Preliminary testing on Dex-inducibility of
pOpONSAL1nosT
Successful T1 pOpONSAL1nosT and pOpON empty vector (“null” control)
transformants were selected based on hygromycin resistance on MS medium.
Germinated seedlings were then transplanted to soil for preliminary testing of
the construct performance and seed harvest. From previous experiments, Dex
accessibility by plants via soil drenching was not as reliable as leaf painting.
Thus, three randomly selected T1 transformants of each pOpONSAL1nosT
and “null” control were treated by this method. Leaf-painting on the whole
rosette of 27-day-old transgenics was performed with 20 µM Dex
supplemented with 0.02% Silwet L-77 repeatedly every three days for a
month. The rosette growth over time was monitored by photography using
Scanalyzer (Figure 3.21A) and it was found that only those Dex-treated
pOpONSAL1nosT transgenic lines showed faster growth in terms of rosette
size and flowering time relative to the same transgenic lines without Dex
treatment and the “null” control. More importantly, the Dex-treated
pOpONSAL1nosT transgenic lines had approximately 40% and 29% PAP
levels compared to the same lines without Dex treatment or the sal1 mutant
respectively (Figure 3.21B) while no difference in PAP levels was observed
before and after Dex treatment in the “null control”. These results, and the
fact that the PAP content in non-treated transformants was similar to the sal1
mutant, suggested that the Dex-inducible system was working as expected
and any potential “leakiness” of the construct does not restore the mutant
phenotype to wild-type.
3.4.3 Dex-inducibility allows precise control of SAL1
expression and potentially PAP-associated phenotypes
To understand the role of SAL1 and PAP in rosette development and drought
tolerance, T2 progenies of the pOpONSAL1nosT transgenic lines
characterised to have Dex-induced complementation at T1 generation, were
treated with 20 µM Dex at various developmental stages summarised in
Figure 3.22. Each of the three T2 transgenic lines selected were divided into
two groups, one was germinated on MS with hygromycin only, while the
other batch was germinated on MS with hygromycin and 20 µM Dex. They
were grown on MS for two to three weeks before transferring to soil for
further growth. After transferring to soil, an adaptation period of one week
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Figure 3.21 – Dex-inducibility of T1 pOpONSAL1nosT transgenic lines. Whole
rosette of three randomly selected pOpONSAL1nosT transgenic lines, which
were hygromycin resistant, were painted with 20 µM Dex supplemented with
0.02% Silwet L-77 repeatedly since 27 days old onwards, with an interval of once
every three days. A) Photography of the representative Dex-treated and non
Dex-treated pOpONSAL1nosT transgenic lines at 27, 32, 45 and 54 days old were
shown. Both Dex and non Dex-treated pOpON empty vector transgenics
appeared similar to that of non Dex-treated pOpONSAL1nosT (data not shown).
B) Average PAP levels quantified using HPLC in the 56-day-old Dex-treated and
non Dex-treated pOpON Empty Vector and pOpONSAL1nosT transgenics
(bottom) together with wild-type (Col-0) and sal1 controls (top). * denotes
significant difference with p-value <0.05. Significant difference (p-value<0.05)
between the purple bars are denoted by the different letters above each bar, while
bars with the same letter are not significantly different from one another.
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was allowed to ensure proper plant growth before further Dex treatment was
applied at later developmental stages. Plants from each treatment group
divided during MS growth were further subdivided into two sub-groups, one
control group while the other group was sprayed with 20 µM Dex
supplemented with 0.02% Silwet L-77 for another one to two weeks. These
differentially Dex-treated pOpONSAL1nosT, together with “null” control,
were subjected to drought stress and PAP measurement when they were six
weeks old (Figure 3.22 and Figure 3.23).
For all the different Dex treatment regimes, regardless of the stage of
development when Dex was applied, no drastic effects on rosette growth of
“null” control were observed; but varying degrees of rosette growth
promotion proportional to the extent of Dex treatment was observed for
pOpONSAL1nosT transgenics (Figure 3.22, purple panels on right). However,
there is no statistically significant difference in days of survival during
drought for the pOpONSAL1nosT transgenic lines relative to the
corresponding “null” control under all treatment conditions despite the
morphological changes resulting from the Dex treatments. When PAP content
was measured for both transgenic lines under various Dex treatments, all the
pOpON empty vector controls showed high PAP levels, which is similar to
that of the sal1 mutant; whereas only the pOpONSAL1nosT transgenic lines
receiving sufficient Dex treatment prior to tissue harvesting for PAP
measurement showed more than 50% reduction in PAP levels (Figure 3.23).
Nonetheless, the drastic PAP reduction did not result in significantly
compromised drought tolerance compared to the corresponding “null”
controls (Figures 3.23 and 3.22). More importantly, when the correlations
between days of survival during drought and rosette area were investigated,
the pOpONSAL1nosT lines with Dex treatment showed improved rosette
growth but similar drought tolerance relative to the pOpON empty vector
controls (Figure 3.24). This suggests that the extent of PAP reduction in the
Dex-treated pOpONSAL1nosT lines is sufficient to induce rosette
morphological reversion without affecting the plant drought tolerance. It will
be interesting to compare the performance of these Dex-treated
pOpONSAL1nosT to wild-type Arabidopsis during drought in the future.
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Figure 3.22 – Timeline for Dex treatment of T2 pOpONSAL1nosT and pOpON
empty vector transgenic lines. T2 transgenic lines of pOpONSAL1nosT and
pOpON empty vector respectively were germinated under two different
conditions: MS with hygromycin only and MS with hygromycin and 20 µM Dex.
After approximately two weeks of growth on MS under light (blue phase), they
were transferred to soil and let to adapt to growth on soil for 1.5 weeks before
further Dex treatment (grey phase). Transgenic lines from the two different
treatment groups during MS growth were further subdivided into two
sub-groups, where one group will receive no Dex treatment after transferring to
soil, while the other group will be treated with 20 µM Dex supplemented with
0.02% Silwet L-77 through spraying for another one week or two weeks (orange
phase). Representative images for both pOpONSAL1nosT (light purple) and
pOpON empty vector control (dark purple) transgenic lines after different
regimes of Dex treatment were shown on the right puple panels. Their
corresponding average days of survival during drought ± standard deviation
following the treatments were presented beside their respective images (n=10).
Days of survival during drought were assessed based on the chlorophyll
fluorescence parameter - Fv/Fm.
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Figure 3.23 – PAP content of T2 pOpONSAL1nosT and pOpON empty vector
transgenic lines after differential Dex treatments were quantified using HPLC.
Error bars denote standard deviation and significant difference showed by the
different letters above bars has p-value <0.05. n=2-3, except for Col-0, where n=1.
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Figure 3.24 – Correlations between survival during drought and rosette area of
T2 pOpON transgenic lines after various Dex treatment. Seedlings were raised
in the presence or absence of Dex on MS media (blue), transferred to soil and let
to grow for 1.5 weeks (grey) before further dex applications for another 2.5 weeks
(orange). Drought stress via withholding water commenced when the
transgenics were six weeks old. Plant survival was assessed based on the Fv/Fm
values that provide good evaluation on plant photosynthetic activities. Rosette
area was quantified using LemnaTec Scanalyser software. The R2 values were
obtained when the data were fitted with linear regression.
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3.5 Discussion
The main goal of this chapter was to manipulate PAP levels by regulating
SAL1 expression for engineering drought tolerance in Arabidopsis without
compromising plant growth and development. Two complementary strategies
were attempted: 1) inducible-silencing of SAL1 in wild-type Arabidopsis and
2) embryogenesis-specific and Dex-inducible complementation of SAL1 in the
Arabidopsis sal1 mutant. Dex-inducible silencing of SAL1 was working as
expected initially, but the results could not be reproduced in subsequent
studies. Similarly poor silencing efficiency of SAL1 was also observed when
the SAL1-targeting hpRNAi construct and amiRNA constructs that target
different regions of SAL1 were driven by a strong constitutive CaMV35S
promoter. These may suggest that the SAL1 gene is quite resistant to artificial
silencing, which could be due to its low protein turnover rate or important
biological functions. An alternative explanation is that the altered RNA
metabolism resulting from PAP over-accumulation renders gene silencing
through hpRNAi and amiRNA inefficient as they require proper RNA
metabolism to take place. PDShpRNAi constructs that target the key
carotenoid biosynthetic gene to produce plants with white cotyledon and
leaves, were transformed into both wild-type and sal1. Preliminary screening
based on cotyledon bleaching showed that gene silencing by hpRNAi in the
sal1 mutant is still possible. However, further PDS transcriptional analysis is
required to confirm if the silencing efficiency achieved in the sal1 mutant
background was not significantly different from that of wild-type
background.
In the meantime, a complementary approach using
inducible-complementation of SAL1 in the sal1 mutant background was
adopted. Embryogenesis-specific promoters such as the promoters of ABI3,
LEC1 and TZF6 were used to drive the expression of SAL1 in the sal1 mutant.
A number of relatively wild-type-looking T2 transgenic lines were isolated
and they possessed moderately high PAP levels relative to sal1. In fact,
transgenics with a gradient of PAP levels and rosette phenotypes, ranging
from wild-type-like to sal1-like rosette morphology, were isolated for the
different constructs, including the “null” control which does not have any
promoter inserted in front of the SAL1 gene. The potential enhancer trap
effects on masking the developmental stage specific expression of SAL1
renders this approach less attractive. On the other hand, rosette
morphological and PAP content reversion proportional to the extent of Dex
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treatment was observed for the Dex-inducible complemented lines
pOpONSAL1nosT. This approach by far allows the most effective
manipulation of SAL1 expression and PAP levels in Arabidopsis among the
different systems tested in this thesis. While this finding is encouraging, more
work is needed to further optimise this Dex-inducible system as well as to
understand the role of SAL1 and PAP in regulating plant growth and
development before successful engineering of plant drought tolerance by
manipulating SAL1 and PAP levels can be achieved. Ultimately, it is of
interest to test if having higher PAP specifically at later developmental stage
(juvenile to before flowering) in these transgenic lines can confer drought
tolerance to the plants.
3.5.1 Why are previous preliminary findings on Dex-inducible
SAL1hpRNAi not reproducible?
This result chapter was started based on encouraging preliminary data
obtained in collaboration with a previous PhD student in the Pogson
laboratory (summarised in Figure 3.2). However, after further analysis using
more biological replicates of the same line as well as more independent
transgenic lines of the same construct, it became clear that the Dex-inducible
system for silencing the SAL1 gene did not work as expected.
Regardless of whether the SAL1 transcript levels were reduced by 60% or
85% compared to that of wild-type, the maximum PAP level recorded by each
of the transgenics are as follows: 16 pmol/mg DW or 2 pmol/mg FW for
Dex-inducible SAL1hpRNAi, 5 pmol/mg FW for 35S:SAL1hpRNAi and 1
pmol/mg FW for 35S:SAL1amiRNA. When compared to PAP levels measured
in other experiments, it was found that it is not unusual for wild-type plants
grown under standard growth conditions to have PAP levels between
non-detectable levels to about 20pmol/mg DW (Chan, 2010; Phua, 2010) or to
about 1-2pmol/mg FW. In other words, the ’five-fold’ increase in PAP
recorded for the Dex-inducible SAL1hpRNAi lines during the preliminary
characterisation (Figure 3.2B) may not be biologically significant as they are
still within the range of wild-type PAP levels. Meanwhile, the occasional high
PAP levels achieved by the 35S:SAL1hpRNAi recorded (Figure 3.11) were not
reproducible in the subsequent generation (Figure 3.12). Perhaps, stressed leaf
samples were harvested for PAP quantification for that particular transgenic
line.
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Besides, the “drought tolerance” observed for the Dex-inducible
SAL1hpRNAi lines during the preliminary testing with Dr. Pornsiriwong
could be influenced by position effects within the growth chamber (Figure
3.2C). Apart from the sal1 mutant, most of the plants at the edge of the trays
did not survive the drought stress as they experienced more rapid air
movement that expedited the rate of evaporation from the leaves and soil in
comparison to those plants located in the middle of the tray. Hence, the
observation that the majority of the surviving plants are located in the middle
of the tray could suggest that it may be due to positional effects rather than
the “PAP accumulation” effects resulting from SAL1 silencing in the hpRNAi
lines. Consequently, the above alternative interpretation for the previous
preliminary findings are equally plausible and it is further supported by the
various systematic troubleshooting results presented in this chapter.
Following the reduction in SAL1 transcript levels after Dex treatment in
the Dex-inducible SAL1hpRNAi lines, a decrease in SAL1 protein levels were
detected using Western blot (Figure 3.3 and Figure 3.4). Nonetheless, the PAP
levels and/or plant rosette morphology remained comparable to wild-type,
suggesting that SAL1 proteins are very active as minimal amounts of the
SAL1 protein present are sufficient to keep PAP at low, physiologically
tolerable levels. Similarly, the 70% and 80% reduction in SAL1 transcript
levels observed for 35S:SAL1hpRNAi lines (Figure 3.11A) and
35S:SAL1amiRNA lines (Figure 3.14A) did not result in any significant
increase in PAP levels (Figure 3.12, Figure 3.14B and Figure 3.14C) or
alterations in rosette morphology (data not shown). This could suggest that
knocking down of SAL1 transcription to as low as 15 to 20% of wild-type
SAL1 transcript levels will not be sufficient to give rise to PAP accumulation
and its subsequent downstream effects. Further studies of in vivo SAL1
protein activities are required to investigate whether enough active SAL1
protein is still present in the transgenic lines.
3.5.2 Can PAP accumulation at early embryogenesis negatively
affect rosette development?
A second strategy to increase drought tolerance via enhanced PAP levels, and
without detrimental effects on plant growth, was to complement the sal1
mutant (fry1-6) with the missing gene. The growth and rosette morphology of
transgenic fry1-6 harbouring the Dex-inducible pOpONSAL1nosT construct,
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but not the pOpON empty vector control, were partially improved upon Dex
treatment during vegetative growth. However, not even continuous Dex
treatment starting from germination stage onwards was enough to fully
restore the wild-type rosette phenotype in the pOpONSAL1nosT transgenics
(Figure 3.22 and Figure 3.23B); even though PAP levels were comparable to
that of wild-type. Assuming Dex uptake via roots from the MS medium is
efficient, as suggested by the results of the Dex-inducible silencing system
where SAL1 silencing can be detected (Figure 3.9), the partial reversion of sal1
phenotypes may suggest that PAP accumulation at embryogenesis may affect
the vegetative growth phase development.
This hypothesis was indirectly supported by the observation that some
mutant lines complemented with SAL1 under the regulation of
embryogenesis-specific promoters had wild-type-like rosette morphology and
intermediate PAP accumulation relative to sal1 mutant (Figure 3.18). Since
similar observations were also true for pMDC123SAL1nosT no promoter
control lines, part of these observations could be attributed to the position
where the construct was inserted in the Arabidopsis genome, resulting in a
promoter and/or enhancer trap effect. The big difference in rosette
morphology for each of the embryogenesis-specific SAL1 complementation
line is likely due to the zygosity (homo or hetero) of the individual biological
replicate since they are part of the T2 segregating population (Figure 3.18).
Therefore, it is important to perform further characterization on the
homozygous progenies of the wild-type-looking transgenics with moderate
PAP levels to confirm the reproducibility of these desired phenotypes before
drawing conclusions on whether high PAP accumulation during
embryogenesis can affect rosette growth and development later on. To rule
out that the developmental stage specific expression of ABI3, TZF6 and LEC1
genes could be due to miRNA regulation, Plant microRNA database (PMRD),
which took into account data from 143 different publications up to the year
2013, was used to confirm that none of these three genes are known to be
targets of any miRNA characterised thus far.
In preparation for testing whether PAP accumulation at early
embryogenesis can negatively affect rosette development later on, Dex
treatment on flowers and silliques of T2 pOpONSAL1nosT progenies were
performed (not shown). The resulting T3 seeds from plants treated with or
without Dex during flowering and sillique formation were collected for future
characterisation. This will be useful for testing the possibility of, and
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identifying the optimal period for commencing Dex treatment for,
engineering wild-type looking plants with improved drought tolerance.
Furthermore, PAP measurement in wild-type and pOpON transgenic lines
(both before and after Dex treatment) at early developmental stages may have
to be performed, particularly when sufficient plant materials are obtained, to
confirm the efficiency of Dex uptake while systematically investigating how
PAP is regulated during plant development.
3.5.3 Is the silencing efficiency of SAL1 affected by SAL1-PAP-
XRN relation that alters RNA processing mechanisms?
The biogenesis and silencing mechanisms of siRNA and miRNA have been
studied actively in the past decade (Figure 3.25, see Pumplin and Voinnet
(2013) for a comprehensive review). Briefly, the precursors of both siRNA and
miRNA are dsRNA that can be recognised and processed by DCL to smaller
RNA fragments that eventually form siRNA and mature miRNA respectively.
One of the strands of the small RNAs will then be used as the guide RNA by
Argonaute (AGO) proteins to target messenger RNA (mRNA) with sequences
that are complementary to the guide RNA for either translational repression
or RNA degradation. Specific isoforms of DCL and AGO specialise in either
siRNA or miRNA biogenesis in Arabidopsis and some of them participate in
the silencing mechanism of both siRNA and miRNA, like AGO 1. siRNA can
be derived from any long dsRNA that are highly complementary to each
other, which in plants are normally generated by RdRp from transposable
elements or any other aberrant RNA. miRNA encoded by genes within the
genome of Arabidopsis are transcribed by DNA-dependent RNA polymerase
II (Pol II) to form miRNA precursors that spontaneously fold into stem-loop
structure with imperfect base pairing regions. In addition to RNA
degradation and translational repression that can be induced by both siRNA
and miRNA, siRNA can also result in Transcriptional Gene Silencing (TGS)
via RNA-directed DNA methylation (RdDM).
The above mentioned RNA silencing mechanisms are currently used by
scientists to manipulate gene expression in plants and animals to study the
function of specific genes, but with varying degrees of silencing efficiency.
Some of the most popular strategies include hpRNAi, which has superb
silencing efficiency reported, and amiRNA, which could specifically silence
one particular allele or splice variant of interest (Ossowski et al., 2008). Hence,
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both strategies were used in this project. As discussed earlier in this chapter,
these two approaches rely on siRNA and miRNA processing mechanisms
respectively to result in gene silencing. Nevertheless, factors that determine
the target specificity of the small RNA, particularly for miRNA, are still not
fully understood (Jones-Rhoades, 2012). Consequently, the established
bioinformatic tools used for target prediction and amiRNA construct design
may show variable accuracy. This could potentially contribute to the poor
silencing efficiency repeatedly observed for the amiRNA strategy used in our
laboratory to silence genes. On the other hand, hpRNAi gene silencing
strategies are relatively more straight forward as they rely on long, perfect
complementary dsRNA for proper functioning (Watson et al., 2005).
Nevertheless, the best SAL1 transcript-level silencing quantified was still
lower than what is normally achieved for other genes: at least 80% silencing
efficiency was commonly reported for the hpRNAi method (Kerschen et al.,
2004), while an average of 75% silencing efficiency was achieved via the
amiRNA strategy [reviewed in Ossowski et al. (2008)].
Some potential explanations for the unsuccessful silencing of SAL1 in
Arabidopsis are as follows. The important biological role(s) of SAL1 itself,
which are evidenced by the many pleiotropic phenotypes resulting from its
absence, could have induced plants to evolve specific mechanism(s) in
preventing the SAL1 gene from being silenced. For example, an important
biochemical activity of SAL1 in planta is the degradation of PAP, which is
produced by the secondary sulfur metabolism pathway. PAP accumulation
can inhibit the activities of XRNs. Similar to xrn4, sal1 accumulates MIRNA
loops and miRNA cleavage products (Souret et al., 2004; Gy et al., 2007).
Additionally, all three XRNs in Arabidopsis can act as sense
transgene-mediated PTGS (S-PTGS) suppressors (Gy et al., 2007), possibly by
degrading the uncapped RNA that could be used as templates by RdRp to
generate dsRNA (Gazzani et al., 2004). Consequently, the sal1 mutants share
similar phenotypes as exoribonuclease (xrn) mutants, where S-PTGS is more
active, which confers them hyperresistance towards cucumber mosaic virus
(CMV) infection as they can effectively silence the viral RNA and prevent the
virus propagation (Gy et al., 2007). Using the same logic, it is plausible that
SAL1 can be efficiently silenced by the hpRNAi and/or amiRNA transgenes
initially, leading to PAP accumulation and subsequently preventing the
functioning of XRNs. As a result, the presence of uncapped hpRNAi and
amiRNA loops could potentially be used as templates by RdRp to generate
dsRNA that could target and silence the hpRNAi and amiRNA constructs
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themselves via DNA methylation. This can restore SAL1 expression, RNA
metabolism and the transgenes expression in a futile cycle, preventing
effective SAL1 silencing from occurring.
Nevertheless, preliminary results from introducing the PDS-targeting
hpRNAi construct into the sal1 mutant background did not support the
“feedback loop” hypothesis proposed. Seedlings with white cotyledon and
rosettes can be observed in sal1 mutant background, suggesting that
constitutive silencing of the PDS gene using hpRNAi strategy is possible
despite the disrupted RNA metabolism and more active S-PTGS. However,
50% to 70% reduction in PDS transcript level relative to wild-type is sufficient
to result in bleaching phenotypes in adult Arabidopsis (Wang et al., 2005);
whereas a similar extent of SAL1 transcriptional repression is not sufficient to
induce PAP accumulation. Therefore, PDS transcriptional quantification in
both wild-type and sal1 transformed with the PDS-targeting hpRNAi
constructs are necessary to completely rule out the “feedback loop”
hypothesis.
Alternatively, it is possible that the near 100% silencing efficiency of SAL1
can only be achieved through DNA methylation, which could potentially be
compromised if SAL1 function or expression is inhibited. A strong reduction
in DNA methylation and consequently an increase in the expression of a
transposon was detected in the sal1 mutant fry1-6, as well as in the xrn
mutants (Kurihara et al., 2012). Furthermore, the sal1 mutants share some
similar phenotypic alterations with loss-of-function mutants of non-CG
methylation (Chan et al., 2006). Hence, in principle reduced SAL1 expression
by silencing may subsequently decrease DNA methylation and consequently,
prevent complete silencing of SAL1 gene expression in Arabidopsis through
RdDM.
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Figure 3.25 – Schematic diagram summarising small interfering RNA (siRNA)
and microRNA (miRNA) biogenesis and their target gene silencing
mechanism. Panel on the left shows the biogenesis and silencing mechanism for
siRNA. Long double-stranded RNA (dsRNA) from artificial hpRNAi construct
introduced to plants or from RNA-dependent RNA polymerase (RdRp) that use
single-stranded RNA transcript of transposable elements or of aberrant RNA as
template will be processed by specific DICER-LIKE (DCL) proteins to eventually
generate siRNA. One of the strands will be loaded to Argonaute (AGO) proteins
to form RNA-induced silencing complexes (RISCs) and target messenger RNA
(mRNA) sequences that are complementary to the corresponding siRNA
sequence for RNA degradation or translational repression; alternatively, target
sequence can also be used by specific AGO proteins for RNA-directed DNA
methylation (RdDM) that eventually results in Transcriptional Gene Silencing
(TGS). The right panel shows miRNA biogenesis, which starts from the
transcription of the miRNA genes by DNA-dependent RNA polymerase II (Pol
II) and the resulting RNA can loop back to itself to form a stem-loop structure
giving rise to the miRNA precursor. The miRNA precursor will be processed by
DCL 1, which interacts with HYPONASTIC LEAVES 1 (HYL1) as
dsRNA-binding cofactor protein, to form mature miRNA (typically 21
nucleotides in length) and one of the strands of miRNA will be incorporated into
AGO 1 to form RISCs and used as guide to target RNA sequences that are
complementary to it for degradation or for translational repression. Both the
siRNA and mature miRNA were stabilised through methylation by HUA
ENHANCER 1 (HEN1). Figures adapted from Pumplin and Voinnet (2013).
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Chapter 4
PAP could act as a secondary
messenger in plant development
4.1 Overview
To date, most of the studies on sal1 developmental phenotypes were
performed by focusing on one of its many altered phenotypes or on one of the
many plant hormones. Some of the sal1 mutant developmental phenotypes
studied include delayed germination (Xiong et al., 2001), less or slower lateral
root formation (Robles et al., 2010; Chen and Xiong, 2010; Hirsch et al., 2011),
altered venation patterning (Robles et al., 2010) and slower rosette
development and late flowering (Kim and von Arnim, 2009). Furthermore,
sal1 has higher jasmonic acid (JA) (Rodríguez et al., 2010), altered auxin
perception or homeostasis (Robles et al., 2010), high abscisic acid (ABA)
(Rossel et al., 2006), and compromised sensitivity to ethylene (Chen and
Xiong, 2010). However, it remains unclear how and if 3’-phosphoadenosine
5’-phosphate (PAP) accumulation directly contributes to these hormonal
imbalances and developmental phenotypes. Additionally, I hypothesised that
there could be other alterations in hormonal metabolism and signalling that
are yet to be investigated. To identify if there are other hormonal signalling
pathways that could be affected by continuous high PAP levels, the published
sal1 transcriptome was mined for enrichment in hormone-associated genes,
which expression were altered in the mutant relative to wild-type.
Concurrently, hormonal profiling of sal1 was also performed through
collaboration. The responsiveness of the sal1 mutant development relative to
that of wild-type towards these hormones were then tested. Finally,
PAP-feeding on wild-type in combination with specific hormone(s) and/or
chemicals to mimic the sal1 phenotype was attempted, which demonstrate
that PAP could be involved in plant hormonal response(s).
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4.2 Hormonal signalling genes are part of the PAP
regulon
Eight out of a total of 26 genes (30.8%) summarised in Table 3 of Estavillo
et al. (2011) that are significantly up- or down-regulated by more than five
fold relative to wild-type in both the sal1 mutant altered expression of APX2 8
(alx8) and exoribonuclease2-1 exoribonuclease3-3 (xrn2-1xrn3-3) double mutant
are hormone-related genes (Table 4.1). Among the eight genes, half of the
genes are auxin-related genes and the remaining four genes are associated
with ethylene, brassinosteroids (BRs) and cytokinin. To investigate the
potential and extent of hormone mis-regulation in contributing to the altered
developmental phenotypes of sal1, the same transcriptomic data of alx8
(Estavillo et al., 2011), which are now publically available, were mined for
changes in expression of genes related to hormone metabolism and signalling.
The corresponding transcript mis-regulation in the xrn2-1xrn3-3 double
mutant was also extracted to evaluate how much of the hormonal
mis-regulation in the sal1 mutant is contributed by PAP-induced inhibition of
5’- 3’ EXORIBONUCLEASES (XRNs).
Mining was performed manually based on gene name, description, and
the literature. The lists of genes associated with each of the plant hormones
that were significantly mis-regulated in the sal1 mutant are shown
respectively in Table 4.2 for ABA-related genes, Table 4.3 for auxin-related
genes, Table 4.4 for BRs-related genes, Table 4.5 for cytokinin-related genes,
Table 4.6 for ethylene-related genes, Table 4.7 for gibberellins (GAs)-related
genes and Table 4.8 for JA-related genes. The list of auxin-related genes is the
largest (47 genes recorded), followed by ethylene (24 genes), JA (14 genes),
ABA (11 genes), BRs (11 genes), cytokinin (11 genes) and finally GAs (8
genes). The length of these manually compiled hormone-related gene-lists
coincided well with the current progress in discovering the
hormone-associated phenotypes of sal1: altered auxin homeostasis/
perception (Robles et al., 2010), reduced ethylene sensitivity (Chen and Xiong,
2010), increased JA accumulation (Rodríguez et al., 2010), altered ABA levels
(Rossel et al., 2006) and ABA responses (Xiong et al., 2001).
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Table 4.1 – List of at least five-fold mis-regulated genes in both the alx8 mutant
and the xrn2xrn3 double mutant from Table 3 of Estavillo et al. (2011). Genes
that are hormone-related are highlighted in red boxes. Plants were grown under
16h photoperiod until the 10-true-leaf stage of development before the whole
rosette was harvested for this microarray analysis.
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Table 4.2 – ABA-related genes mis-regulated in alx8. The sal1 mutant (alx8) and
xrn double mutant (xrn2-1 xrn3-3) microarray data from Estavillo et al. (2011)
were mined for genes that are significantly altered (p<0.05) in alx8 and are
involved in ABA metabolism and signalling based on gene name and gene
description. ABA biosynthetic genes are highlighted in red while the key
transcription factors are italicised and highlighted in brown. Plants were grown
under 16h photoperiod until the 10-true-leaf stage of development before the
whole rosette was harvested for this microarray analysis.
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Table 4.3 – Auxin-related genes mis-regulated in alx8. The sal1 mutant (alx8)
and xrn double mutant (xrn2-1 xrn3-3) microarray data from Estavillo et al. (2011)
were mined for genes that are significantly altered (p<0.05) in alx8 and are
involved in auxin metabolism and signalling based on gene name, gene
description and/or literature research (Dharmasiri et al., 2005; Danisman et al.,
2012; Iwasaki et al., 2013). Auxin biosynthetic genes are highlighted in red, F-Box
proteins are highlighted in green, the key transcription factors are italicised and
highlighted in brown while the transcription factor repressors are highlighted in
purple. Plants were grown under 16h photoperiod until the 10-true-leaf stage of
development before the whole rosette was harvested for this microarray analysis.
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Table 4.4 – BRs-related genes mis-regulated in alx8. The sal1 mutant (alx8) and
xrn double mutant (xrn2-1 xrn3-3) microarray data from Estavillo et al. (2011)
were mined for genes that are significantly altered (p<0.05) in alx8 and are
involved in BRs metabolism and signalling based on gene name, gene description
and/or literature research (Sun et al., 2010; Wang et al., 2012). BRs biosynthetic
gene is highlighted in red while the key transcription factors in BRs signalling are
italicised and highlighted in brown. Plants were grown under 16h photoperiod
until the 10-true-leaf stage of development before the whole rosette was
harvested for this microarray analysis.
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Table 4.5 – Cytokinin-related genes mis-regulated in alx8. The sal1 mutant
(alx8) and xrn double mutant (xrn2-1 xrn3-3) microarray data from Estavillo et al.
(2011) were mined for genes that are significantly altered (p<0.05) in alx8 and are
involved in cytokinin metabolism and signalling based on gene name, gene
description and/or literature research (Danisman et al., 2012). The key
transcription factors in cytokinin signalling are italicised and highlighted in
brown. Plants were grown under 16h photoperiod until the 10-true-leaf stage of
development before the whole rosette was harvested for this microarray analysis.
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Table 4.6 – Ethylene-related genes mis-regulated in alx8. The sal1 mutant (alx8)
and xrn double mutant (xrn2-1 xrn3-3) microarray data from Estavillo et al. (2011)
were mined for genes that are significantly altered (p<0.05) in alx8 and are
involved in ethylene metabolism and signalling based on gene name, gene
description and/or literature research (Bitrián et al., 2012; Dubois et al., 2013).
Ethylene biosynthetic gene is highlighted in red while the key F-Box proteins are
highlighted in green. Plants were grown under 16h photoperiod until the
10-true-leaf stage of development before the whole rosette was harvested for this
microarray analysis.
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Table 4.7 – GAs-related genes mis-regulated in alx8. The sal1 mutant (alx8) and
xrn double mutant (xrn2-1 xrn3-3) microarray data from Estavillo et al. (2011)
were mined for genes that are significantly altered (p<0.05) in alx8 and are
involved in GAs metabolism and signalling based on gene name, gene
description and/or literature research (Sun, 2008; Cheminant et al., 2011). GAs
biosynthetic genes are highlighted in red while the key transcription factors are
italicised and highlighted in brown. Plants were grown under 16h photoperiod
until the 10-true-leaf stage of development before the whole rosette was
harvested for this microarray analysis.
Table 4.8 – JA-related genes mis-regulated in alx8. The sal1 mutant (alx8) and
xrn double mutant (xrn2-1 xrn3-3) microarray data from Estavillo et al. (2011)
were mined for genes that are significantly altered (p<0.05) in alx8 and are
involved in JA metabolism and signalling based on gene name, gene description
and/or literature research (Chini et al., 2007; Thines et al., 2007; Yan et al., 2009;
Danisman et al., 2012). JA biosynthetic genes are highlighted in red, F-Box
protein is highlighted in green, the key transcription factor is italicised and
highlighted in brown while the transcription factor repressors are highlighted in
purple. Plants were grown under 16h photoperiod until the 10-true-leaf stage of
development before the whole rosette was harvested for this microarray analysis.
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Similar findings were also obtained from the analysis performed using
MAPMAN (Thimm et al., 2004) to visualise the classes of regulatory genes
altered in the sal1 and xrn2-1xrn3-3 mutants (Figure 4.1), suggesting that the
above manual microarray data mining is reliable. However, the significance of
the transcriptional mis-regulation in these hormone-related genes in relation
to the Arabidopsis genome is not obvious. That is, are the hormone-related
genes over-represented in the alx8 transcriptome, or are they mis-regulated by
chance due to the abundance of hormone-related genes in the genome?
Therefore, a gene ontology (GO) term enrichment analysis on the same alx8
microarray data was carried out with the specific aim of summarising the
enrichment results for hormone-related genes. GO analysis tools from
different bioinformatic resources use slightly distinctive algorithms to
perform, and have varying output formats to display, the result of a similar
task. Hence, three different GO analysis servers were used: 1) DAVID Gene
Functional Classification Tool (Huang et al., 2009), 2) The Plant GSEA (The
Plant GeneSet Enrichment Analysis Toolkit) (Yi et al., 2013) and 3) GORILLA
(Gene Ontology enRIchment anaLysis and visuaLizAtion tool) (Eden et al.,
2009). The hormone-related GO term enrichment analysis results are
summarised in Table 4.9 while the detailed result output for each of the
methods used can be found in Supplementary Table 6.1 and Supplementary
Table 6.2 in Chapter 6. As there is a maximum limit of 3000 input genes
permitted for DAVID to process the data efficiently while a total of 4582 genes
are significantly mis-regulated in alx8, the gene-list was divided into two
groups prior to analysis: Up-regulated genes and Down-regulated genes in
alx8 relative to wild-type control. Consequently, the same two groups of genes
were also used for analysis via GORILLA and Plant GSEA in addition to the
single entry of a complete significantly altered gene-list of alx8 (Table 6.2).
Among the down-regulated genes in alx8, genes that are responsive to
hormone stimulus were found to be significantly enriched by all three
analysis methods. However, there are some inconsistencies in the enrichment
results between analysis methods: GO term enrichment for genes that
respond to ABA, auxin, salicylic acid (SA) and to a certain extent ethylene in
the sal1 mutant down-regulated gene set were only detected by DAVID and
PlantGSEA but not GORILLA, while enrichment of BR-responsive genes was
detected by PlantGSEA and GORILLA but not DAVID. No significant
enrichment for hormone-related genes in the up-regulated gene-list was
detected by GORILLA. However, the other two servers’ analyses clearly
showed significant enrichment for genes responsive to hormones, particularly
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Figure 4.1 – MAPMAN display of genes involved in regulatory processes
mis-regulated in the sal1 mutant (alx8) and xrn2xrn3 double mutant (boxed
with dashed line). The regulatory processes through major plant hormones like
auxin (IAA), abscisic acid (ABA), brassinosteroids (BA), ethylene, cytokinin,
jasmonate, salicylic acid (SA) and gibberellins (GA) are highlighted in dark grey.
Transcripts up-regulated and down-regulated relative to wild-type control are
showed in red and blue respectively.
JA. Enrichment of ABA and auxin related genes were also observed by
analyses through DAVID and Plant GSEA, although they did not pass the
False Discovery Rate (FDR)<0.05 filtering test of DAVID analysis. These
differences in analysis results could be due to the different algorithms used by
the different servers. For example, GORILLA takes into account the ranking
of genes based on their extent of differential expression relative to control
when filtering for significantly enriched GO terms (Eden et al., 2009), which
was not considered by the other two enrichment analysis algorithms.
Nevertheless, the slightly different GO term enrichment output from the three
servers generally still coincide well with the current literature on the sal1
mutant, with some additional hormone involvement suggested.
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Table 4.9 – Summary list of hormone-related gene ontology (GO) terms enriched
in the sal1 mutant (alx8) based on DAVID Functional Annotation Chart, Plant
GSEA and GORILLA analyses. Lists of genes that are significantly up-regulated and
down-regulated in alx8 mutant relative to wild-type control were input into the
analysis servers separately. Details of analysis method used by DAVID Functional
Annotation Tool, PlantGSEA and GORILLA can be found in Huang et al. (2009), Yi
et al. (2013) and Eden et al. (2009) respectively. Y indicates p-value and False
Discovery Rate (FDR) of <0.05 while y with yellow highlight represents p-value of
<0.05 but FDR value of >0.05. FDR is a multiple testing correction method that
provides a more conservative significant test than the Fisher’s exact test that gives the
p-value. See Supplementary Tables 6.1 and 6.2 for the individual p-value and FDR
value or fold enrichment.
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The misregulation of hormonal signalling genes in sal1 was investigated in
further detail by focusing on GA and BR signalling. Both GAs and BRs are
important growth promoting hormones and sal1 has a significantly delayed
developmental phenotype; therefore it is likely that alterations in GA- and/or
BR-responsive genes expression could be causative for the phenotypes in sal1.
Furthermore, crosstalk between GA and BR signalling in promoting plant
growth has been well established as introduced in Chapter 1. Interestingly,
the sal1 mutant rosette morphology is highly similar to that of BR-insensitive
or -deficient mutants (Supplementary Figure 6.6). Therefore, it was of interest
to compare the transcriptomic data of sal1 with that of GA-deficient or
-insensitive mutants as well as with that of BR-deficient or -insensitive
mutants. Unfortunately, the microarray data search from the EMBL-EBI
ArrayExpress database revealed that most of the mutations are in different
ecotypes. More importantly, most of the tissues used for the transcriptomic
profiling are either of different developmental stages or under different
growth and treatment conditions relative to the sal1 array data, which would
confound the results. Nevertheless, suitable microarray data from wild-type
plants chemically-treated to mimic GA-deficient and GA-overaccumulating
plants were found in EMBL-EBI ArrayExpress. paclobutrazol (PAC) (GA
biosynthesis inhibitor)-treated and GA-treated Col-0 leaf samples harvested
from plants of comparable growth condition, ecotype, and age and probed on
the same type of Affymetrix GeneChip as that of sal1 were analyzed in the
same way as that for sal1. Raw files of the microarray data were downloaded
and analysed with the default settings of Partek Genomics Suite 6.6 software.
Differentially expressed genes in Col-0 upon the chemical treatments or in the
sal1 mutant were then filtered based on statistical significance (p<0.05) before
cross-comparison between the microarray data. Significance of overlap
between the transcriptomes of GA- or PAC-treated Col-0 and sal1
transcriptome was tested by performing hypergeometric distribution test
using R software. Only overlap between the down-regulated genes in sal1 and
the down-regulated genes in Col-0 after PAC treatment was tested to be
statistically significant (Figure 4.2).
The various transcriptomic analyses performed suggest that a significant
number of hormonal biosynthetic and signalling genes are mis-regulated
following PAP over-accumulation. These include genes involved in auxin, JA,
ABA, ethylene, GA and BR metabolism and signalling. Interestingly, about
half of the hormone-related genes altered in sal1 transcriptomic data are also
similarly mis-regulated in the xrn2xrn3 double mutant (Table 4.2 to Table 4.8).
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Figure 4.2 – Venn diagrams summarising the microarray data comparison
between the differentially expressed genes in the sal1 mutant (alx8) and
PAC-treated or GAs-treated Col-0. Comparison of genes that are significantly A)
up-regulated or B) down-regulated in alx8 and in Col-0 treated with PAC or GAs.
Only the overlap in genes that are down-regulated in both PAC-treated Col-0 and
alx8 is tested to be statistically significant (p-value=4.08e−8) and it is highlighted
in yellow.
Therefore, it is likely that PAP over-accumulation results in the inhibition of
XRNs that partially contributes to the changes in hormone-related gene
expression in the sal1 mutant, altering its hormonal metabolism and/or
signalling in addition to the stress responses reported earlier by Estavillo et al.
(2011).
4.3 Alteration of PAP content alters hormonal
homeostasis and responses
Hormonal quantification of two sal1 mutants (alx8 and fry1-6) together with
Col-0 as wild-type control revealed for the first time that the sal1 mutants
have significantly higher auxin [IAA] and lower GA [GA4] levels relative to
the Col-0 control (Figure 4.3). Although Chen and Xiong (2010) did not report
differences in auxin levels between the sal1 mutant and wild-type, the sal1
mutant displayed phenotypes that were similar to mutants with altered auxin
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homeostasis or perception (Robles et al., 2010). Furthermore, the delayed
developmental phenotype of sal1 correlated well with the lower level of GAs.
Additionally, the higher amounts of ABA and JA present in sal1, though some
are not statistically different from that of wild-type, coincided with the
published data by Rossel et al. (2006) and Rodríguez et al. (2010). However,
no change in the content of salicylic acid and cytokinins (t-zeatin and
isopentenyladenine) in sal1 were detected when compared to that of
wild-type; particularly when the significantly lower level of
isopentenyladenine in fry1-6 (Figure 4.3H) could not be replicated in
subsequent quantification. Another well-characterised growth-promoting
hormone is BRs. Unfortunately, BRs are present in very low abundance in
Arabidopsis and its quantification is technically-challenging and therefore
could not be attempted here (Professor Eiji Nambara, personal
communication).
The sal1 mutants therefore display altered homeostasis in the levels of two
key growth regulating hormones, GAs and auxin (Figure 4.3). While not
quantified, there are indications that sal1 is affected in BR homeostasis or
signalling: the sal1 mutant rosette morphology is highly similar to that of
BRs-insensitive or -deficient mutants (Supplementary Figure 6.6). Hence, it
was hypothesized that BRs together with GAs and auxin supplementation,
individually or in combination, may rescue sal1 growth and rosette
development, provided they are still responsive to the corresponding
hormonal treatments.
To test if sal1 responsiveness towards the growth-promoting hormones is
altered relative to wild-type, Col-0 seeds and fry1-6 seeds were germinated
and grown on MS plates supplemented with either GA3, epibrassinolide
(EBR), or indole-3-acetic acid (IAA) individually or in combination for
approximately two weeks (Figure 4.4). Hypocotyl and petiole length of both
genotypes after the different hormonal treatments were quantified (Figure
4.5). The average hypocotyl length of Col-0 and fry1-6 doubled after 1µM EBR
treatment in comparison to their untreated counterparts. When treated with
all three hormones (GA3, IAA and EBR) together, the extent of fry1-6
hypocotyl elongation was significantly higher than Col-0. For GA3, the extent
of hypocotyl elongation relative to the negative controls was not statistically
significant in both genotypes. Surprisingly, IAA treatment alone did not
induce the expected hypocotyl elongation in both Col-0 and fry1-6 (Takahashi
et al., 2012). Similar trends were observed for petiole length quantification in
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Figure 4.3 – Hormonal profiling of the Arabidopsis sal1 mutant and wild-type
Col-0. Two whole rosettes of 27-day-old plants per genotype were harvested as a
single biological replicate, and three biological replicates per genotype were used
for the hormonal quantification using a LC-MS/MS method. The type of plant
hormones quantified include A) auxin [indole-3-acetic acid (IAA)], B)
gibberellins [GA4], C) abscisic acid (ABA), D) jasmonic acid (JA), E)
JA-isoleucine, F) salicylic acid (SA), G) cytokinin t-zeatin and H) cytokinin
isopentenyladenine. Significant difference based on student t-test relative to the
corresponding Col-0 levels is denoted by a different letter (’b’) above each bar
(p<0.05). Similar results were obtained in two independent experiments.
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that most hormonal treatments did not result in any significant changes in
petiole growth. However, in contrast to the enhanced petiole elongation in
Col-0 by GA3 treatment alone, fry1-6 petiole length was only significantly
promoted after treated with all three hormones simultaneously.
Figure 4.4 – Representative photos of plate-grown Arabidopsis wild-type
(Col-0) and sal1 (fry1-6) after GA3, EBR, and/or IAA treatments. Seeds were
germinated and grown vertically on Murashige and Skoog (GibcoBRL, MD USA)
(MS) with sucrose, supplemented with either A) nothing, B) 0.1% (v/v) ethanol
as blank control, C) 10µM of GA3, D) 1µM IAA, E) 1µM of EBR, or F) all of the
three hormones together. Five plates were prepared for each treatment and the
representative photos of 11-day-old seedlings after each treatment are shown
here.
Hormone treatment via spraying on soil-grown plants commenced after
plants were grown for two weeks under 16h photoperiod. Plant growth was
recorded and analysed by Scanalyzer for a period of three weeks since the
commencement of hormone treatment. Supplementary Figure 6.7 and
Supplementary Figure 6.8 show images of representative Col-0 and fry1-6
plants respectively during the four different hormonal treatments: GA3 alone,
IAA alone, EBR alone and all three hormones together.
Faster rosette growth, lighter leaf pigmentation and earlier flowering were
observed in Col-0 (Supplementary Figure 6.7 and Figure 4.6A inset) after
treatment with GA3 alone and with all three hormones simultaneously (GA3,
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Figure 4.5 – Average hypocotyl length and average petiole length of
plate-grown Arabidopsis wild-type (Col-0) and sal1 (fry1-6) after GA3, EBR,
and/or IAA treatment. Seeds were germinated and grown vertically on MS with
sucrose, supplemented with either 10µM of GA3, 1µM IAA, or 1µM of EBR
individually, or all of the three hormones together. Five plates were prepared for
each treatment and three replicates per genotype were planted on the same plate.
The A) average hypocotyl length and B) average petiole length of the
two-week-old seedlings were measured using a standard 30 cm ruler. Significant
difference is denoted by different letters above each bar (p<0.05) whereas bars
with same letter(s) are not significantly different from one another. Blank
contains 0.1 % (v/v) ethanol (solvent for hormones).
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IAA and EBR); whereas EBR treatment only marginally improved Col-0
rosette growth rate. Similar response was observed in fry1-6: fry1-6 rosette
development and flowering time were improved when treated with all three
hormones concurrently, where the rosette was less compact and the leaves
were less curled downwards (Supplementary Figure 6.8 and Figure 4.6B
inset). Though not to the same extent as the triple hormone treatment, both
EBR only and GA3 only treatments improved the rosette growth rate of fry1-6.
In addition to the lighter green rosette and earlier flowering time, GA3
treatment on fry1-6 also resulted in a pointier leaf shape. Meanwhile,
treatment of Col-0 with IAA did not visibly improve rosette growth rate, but
yielded plants with a narrower leaf shape, which was not observed in fry1-6
that showed no change in rosette growth when compared to their
counterparts under water and blank controls treatment. No obvious
differences in rosette development were observed in both genotypes between
the two negative control treatments - water and blank.
To better compare the growth rate of fry1-6 and Col-0, plant rosette area
was quantified using LemnaTec Scanalyzer software (Figure 4.6A and B). GA3
treatment of Col-0 resulted in plants with the largest rosette area, followed by
treatment with all three hormones simultaneously. In contrast, this effect was
reversed in fry1-6, with the triple hormone treatment resulting in largest
rosette area followed by GA3 only and EBR only treatments. Generally,
petiole growth after hormonal treatments coincided well with the rosette
growth (Figure 4.6C). Treatment with GA3 alone, EBR alone and all three
hormones together for approximately three weeks promoted the petiole
elongation of Col-0; whereas petiole growth of fry1-6 was only significantly
improved after the all three hormones treatment.
Overall, PAP content of both Col-0 and fry1-6 were not affected by the
hormonal treatments (Figure 4.7): the average PAP levels remained low in
Col-0 and high in fry1-6 regardless of the treatment types. A slight but
significant decrease in PAP levels was detected in fry1-6 after GA3 treatment
alone and treatment with all three hormones together. Though statistically
not significant due to the small sample size, fry1-6 generally performed better
than Col-0 during drought stress and the hormonal treatments had no
significant effect on the drought tolerance of Col-0 or fry1-6 (data not shown).
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Figure 4.6 – Rosette growth of wild-type (Col-0) and sal1 (fry1-6) during GA3, EBR,
and/or IAA treatments. Average rosette of A) Col-0 and B) fry1-6 were quantified based
on image analyses by Scanalyzer and image examples for each treatment are shown in
the inset on the right of their corresponding line graph. Rosette images of Col-0 were
partially obstructed by their floral organs, especially from 31 days old onwards [floral
organs were removed when plants were 38 days old (hence data not shown for 38 days
old)]. See Supplementary Figures 6.7 and 6.8 for more images throughout the hormone
treatment period. C) Average petiole length of Col-0 and fry1-6 after hormonal
treatments were measured using a standard 30 cm ruler when plants were 35 days old.
Between 6 to 10 plants were measured per genotype per treatment. Significant difference
is represented by different letters (p<0.05) above each bar and bars sharing the same
letter are not significantly different from one another. Blank contains 0.1% (v/v) ethanol
(solvent for homones) and 0.1% (v/v) Tween-20.
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Figure 4.7 – Average PAP content of wild-type (Col-0) and sal1 (fry1-6) after
GA3, EBR, and/or IAA treatments. Average PAP content was measured for three
plants per genotype per treatment using a HPLC method when plants were 35
days old. Significant difference (p<0.05) is represented by different letters above
each bar and bars sharing the same letter are not significantly different from one
another.
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4.4 PAP affects seed germination in response to
hormones
Germination of sal1 seeds has been observed to be compromised relative to
wild-type, particularly after a period of prolonged storage. Therefore, the
seed dormancy assay of sal1 in comparison to wild-type was performed
systematically. Seeds of fry1-6 and Col-0, which were either freshly harvested
or stored at two different conditions (4◦C and room temperature) for one
month, were sown on wet filter paper and put straight out to light without
stratification (which releases seed dormancy). Germination scoring based on
radicle emergence commenced two days after seed imbibition and the results
are presented in Figure 4.8. Delayed germination in fry1-6 relative to Col-0
control was consistently observed, where two days’ delay in germination was
observed when seeds were stored at 4◦C and about one day’s delay was
observed when seeds were freshly harvested or stored at room temperature.
Therefore, sal1 seeds are slightly more dormant than the wild-type seeds
regardless of the seed age or storage condition. Similar germination
phenotypes were also observed by Xiong et al. (2001) in freshly harvested sal1
seeds of different ecotype backgrounds. As stratification was performed in
Xiong et al. (2001), their results only revealed a delay in germination but do
not portray the actual extent of seed dormancy in sal1.
ABA and GAs act antagonistically against one another, where ABA
promotes dormancy while GAs induce germination. Hence, ABA content in
seeds of Col-0 and fry1-6 were quantified using the Agdia ABA Elisa Kit
(Figure 4.9). Similar to the ABA content in leaves, the fry1-6 seeds also
contained higher ABA levels when compared to Col-0 seeds. With the altered
homeostasis of plant hormone(s) in fry1-6 seeds, it was of interest to
investigate how fry1-6 would respond to exogenous ABA and/or PAC, which
is a GA biosynthesis inhibitor, during seed germination: would the seed
germination rate of fry1-6 be reduced further relative to the Col-0 or become
similar to that of Col-0 that undergoes the same treatments? Freshly
harvested seeds of Col-0 and fry1-6 were sown on MS media with and
without the supplementation of ABA, PAC or both ABA and PAC, stratified
and grown for three days before germination rate was scored based on radicle
emergence (Figure 4.10).
The 1µM ABA and 0.5µM PAC individual treatments did not cause
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Figure 4.8 – Seed dormancy comparison between wild-type (Col-0) and sal1
(fry1-6). A) Freshly harvested seeds of Col-0 and fry1-6 were sown on 0.8%
agarose and put straight to light without stratification and sterilisation. The seeds
used in B) and C) were harvested and stored for a month at the same time under
two different conditions: B) 4◦C and C) room temperature. The seeds were sown
on wet filter paper and put straight to light. Average germination rate of Col-0
and fry1-6 were scored based on radicle emergence. At least 70 seeds were sown
in a plate per genotype with 5 to 8 replicates each. Significant differences in
germination rate between Col-0 and fry1-6 are denoted as *** for p-value<0.001
and * for p-value<0.05.
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Figure 4.9 – Average ABA content of four-to-seven-month-old wild-type (Col-0)
and sal1 (fry1-6) seeds were quantified using Agdia ABA ELISA kit. The seeds
were stored at room temperature prior to ABA extraction and quantification.
Significant difference (p<0.05) is denoted by * above bar.
significant reduction in germination rate of the freshly harvested Col-0 seeds,
although a slight reduction was observed [a similar observation was found in
(Steber and McCourt, 2001)]. However, when the seeds were treated with both
ABA and PAC together, the Col-0 seed germination rate was significantly
reduced to approximately 60%. On the other hand, the fry1-6 mutant, which
upon stratification showed similar germination rate as Col-0 after three days
under standard growth conditions, appeared to be hyper-responsive to all the
different treatments (ABA only, PAC only and ABA + PAC treatments)
relative to Col-0 (Figure 4.10A). Similar observations were also obtained when
the germination assay was repeated six weeks later [same batch of seeds
stored at room temperature] (Figure 4.10B).
4.5 PAP promotes seed dormancy through ABA and
GA
It is not clear if the hypersensitivity of fry1-6 germination to ABA and PAC
treatments is due to the high endogenous ABA content, and potentially low
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Figure 4.10 – Average germination rate of wild-type (Col-0) and sal1 (fry1-6)
under ABA and/or PAC treatments. The A) freshly harvested mature seeds and
B) mature seeds, stored for 6 weeks, were sterilised and sown on MS plates with
appropriate chemical treatments added before stratification and growth. Average
germination rate of Col-0 and fry1-6 were scored after three days under standard
growth conditions based on radicle emergence. At least 70 seeds were sown in a
plate per genotype and 8 replicates per genotype per treatment were prepared.
Significant difference (p<0.05) in germination rate is denoted by different letters
above each bar and bars with no significant difference from one another are
labeled with the same letter.
152 PAP could act as a secondary messenger in plant development
Figure 4.11 – Effect of PAP, ABA and/or PAC on wild-type (Col-0) seed
germination. Three-month-old seeds were sterilised and sown on MS plates with
appropriate chemical treatments added before stratification and growth. Average
germination rates of Col-0 were scored after three days under standard growth
conditions based on radicle emergence. At least 70 seeds were sown in a plate
with five replicates per treatment. Significant difference (p<0.05) in germination
rate is denoted by different letters above each bar and bars with no significant
difference from one another are labeled with the same letter.
endogenous GA content, or high PAP content itself or a combination of both
(Figure 4.10). To test this hypothesis, the effect of PAP on seed germination
was investigated in Col-0, in combination with ABA and/or PAC treatment
(Figure 4.11). In general, PAP treatment alone on the Col-0 seeds did not
affect its germination rate. However, unlike the previous observation, both
ABA alone and PAC alone treatments are sufficient to reduce germination
rate in these three-month-old wild-type seeds. Interestingly, when the
treatments were supplemented with exogenous PAP, the seed germination
rate of Col-0 was reduced further in a PAP dosage-dependent manner. This
observation demonstrated that the high PAP levels can promote seed
dormancy under altered hormone environments, replicating the physiological
state of fry1-6. Hence, it is likely that the hypersensitivity towards exogenous
ABA and PAC treatments of sal1 is due to a combination of high PAP levels
and its altered endogenous hormonal levels.
If PAP could act as a secondary messenger for ABA and GA signalling in
seed germination to promote dormancy, it is of interest to study if PAP is
accumulated in wild-type Arabidopsis seeds and hence, function in a
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physiologically relevant manner. Therefore, adenosines were purified from
seed samples from both wild-type and sal1 for PAP quantification using
HPLC in addition to the leaf samples (Figure 4.12). Significantly higher PAP
levels were detected in the seeds of Col-0 plants relative to their leaves. Col-0
PAP levels in leaf tissue is at most 10% of the PAP levels in the leaf tissue of
fry1-6 whereas the PAP levels in Col-0 seeds is about 50% of that in fry1-6
seeds. This correlates well with SAL1 transcriptomic data from the Electronic
Fluorescent Pictograph (eFP) Browser (Figure 3.16) where SAL1 expression is
at its lowest in mature seeds prior to germination. Analysis of publically
deposited microarray data with the Genevestigator visualization tool,
Genevisible, depicts that four out of the top five conditions, where SAL1
transcription is induced, are during germination (Figure 4.13). Additionally,
lower levels of SAL1 protein were detected in seeds relative to leaf samples of
wild type Arabidopsis via Western blot (Pornsiriwong et al, manuscript in
preparation). Therefore, it is proposed that PAP is accumulated in wild-type
Arabidopsis seeds during development, presumably to promote seed
dormancy, and likely to be rapidly degraded upon imbibition to promote
seed germination.
4.6 Discussion
This chapter was set up to investigate the interaction between PAP and
hormone levels and responses in regulating plant growth and development.
First, detailed transcriptomic analyses were performed on the microarray data
published by Estavillo et al. (2011) to determine if hormone-related genes
were significantly altered and enriched in the sal1 mutant transcriptome
(Table 4.2 to Table 4.8). Genes involved in ABA, auxin, ethylene and JA
metabolism and signalling were significantly enriched, which was in line with
the literature (Xiong et al., 2001; Rossel et al., 2006; Robles et al., 2010; Chen
and Xiong, 2010; Rodríguez et al., 2010). The expression of genes involved in
GA and BR signalling and metabolism were also altered in the sal1 mutant.
Secondly, hormonal profiling of sal1 revealed that there is significantly higher
ABA, auxin and JA as well as lower GA content present in the sal1 mutant
(Figure 4.3). Ethylene and BRs were not quantified in this experiment due to
their slightly different chemical properties from the other major plant
hormones quantified: ethylene is present as gaseous form while BRs are
neutral compounds present at very low abundance in Arabidopsis. Since
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Figure 4.12 – Average PAP content in wild-type (Col-0) and sal1 (fry1-6) seeds were
compared to the amount of PAP present in their corresponding leaf tissues. The same
methods for extraction, derivatisation and quantification of adenosines were used for
both tissue types. Three replicates were used for each genotype and each tissue type.
Significant difference (p<0.05) in PAP content is denoted by different letters above each
bar and bars with no significant difference from one another are labeled with the same
letter.
Figure 4.13 – Top five perturbations that alter SAL1 transcriptional expression based
on Genevisible analysis. A screen shot of the search result output for SAL1 gene using
Genevisible based on Genevestigator database is shown here.
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detailed analyses of JA-, auxin- and ethylene-related phenotypes of sal1 have
been reported before, the remainder of this chapter focused more on
dissecting the GA-, BR- and ABA-related phenotypes of sal1 as well as the
relevant plant hormonal crosstalk that may be contributing to sal1 pleiotropic
altered phenotypes.
Upon treatment with GA3 and EBR individually, the rosette growth rate of
sal1 improved slightly while better improvements in rosette growth rate and
petiole elongation were achieved when the plants were treated with all three
hormones (GA3, EBR and IAA) concurrently (Figure 4.6). It is hypothesised
that the improvement in sal1 rosette growth rate is likely to be independent of
the IAA treatment since IAA treatment alone on sal1 did not result in any
significant changes in rosette growth and the sal1 mutant itself already has
significantly much higher IAA content relative to wild-type. Slight, but
statistically significant, reduction in PAP levels of fry1-6 was observed
following GA3 alone and all three hormones treatments; whereas no change
in wild-type PAP levels was observed despite the various hormonal
treatments (Figure 4.7). According to the Genevestigator database,
transcriptional expression of sulfur metabolism genes are not responsive to
any characterised plant hormonal treatments (including GA and EBR), except
to ABA. Hence, the slight reduction in PAP content by GA3 is unlikely to be
explained by a decrease in its biosynthesis, while its PAP degradation is
already non-functional. Since GA treatment is known to increase cell
elongation/enlargement (Achard et al., 2009), the slight reduction in PAP
levels upon GA3 and all three hormones treatments may be explained by a
lower number of plant cells harvested for PAP quantification (in 100mg of leaf
fresh weight) due to the increase in cell size (as suggested by the increased
rosette size). However, more work is needed to verify this hypothesis and
observation.
sal1 germination phenotypes was also explored since ABA, GAs and BRs
are all involved in regulating this process (Kucera et al., 2005). sal1 mutant
seeds are more dormant than wild-type seeds, particularly when unstratified
(Figure 4.8). Moreover, sal1 mutant seed germination is more sensitive to
exogenous application of ABA as well as PAC, which is a GA inhibitor, in an
exaggerated non-additive manner when treated with both together (Figure
4.10). Interestingly, this observation can be replicated in wild-type seeds when
the ABA treatment and PAC treatment were performed in the presence of
PAP feeding (Figure 4.11). Coupled with the higher PAP content in seeds than
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in leaves detected in wild-type Arabidopsis (Figure 4.12), it is proposed that
PAP may have a role in plant development, specifically during seed
development, to promote seed dormancy through ABA and GA pathways.
4.6.1 PAP effect on rosette development is likely
hormone-dependent
Having high PAP levels in the sal1 mutant results in alterations in expression
of many hormone-related genes (see Section 4.2), which correlates with the
changes in hormone homeostasis quantified in sal1 (Figure 4.3). The majority
of these transcriptional changes are co-regulated in the xrn2-1xrn3-3 mutants
(Table 4.2 to Table 4.8), suggesting that a substantial proportion of these
transcriptional changes are due to inhibition of XRNs by PAP in the sal1
mutant. These transcriptional changes correlate well with the altered
hormonal homeostasis detected in sal1, which was found to have higher
auxin, ABA and JA levels and lower GA levels. However, whether or not the
altered hormonal homeostasis in sal1 is a consequence of widespread changes
in hormone-related gene expression, which are likely regulated by PAP-XRNs,
deserves further investigation. The easiest clue would be from testing if
similar deviations in hormonal homeostasis is observed in the xrn2-1xrn3-3
mutants.
Hormonal supplementation by spraying during sal1 growth can
significantly improve its rosette growth and development, where treatment
with GA3, IAA and EBR in combination expedited sal1 rosette growth by at
least 10 days as opposed to five days in wild-type plants (Figure 4.6). Thus,
the altered hormonal homeostasis in sal1 may be partially responsible for the
altered developmental phenotypes, which can be rescued with exogenous
supplementation of the appropriate hormones. It is noted that wild-type
plants treated with IAA and EBR had leaves that curled downwards and leaf
blades with distorted orientation respectively relative to the negative controls,
resulting in less surface area exposed for detection when observed from the
top. Whether IAA treatment did actually result in reduced rosette growth in
wild-type was not quantified, but constant IAA treatment on Arabidopsis has
been demonstrated to have inhibitory effects on rosette growth (Keller et al.,
2004). These effects of IAA were not observed in the sal1 mutant, in
agreement with altered auxin perception in sal1 (Robles et al., 2010; Chen and
Xiong, 2010) and the apparently compensatory elevated endogenous IAA
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(Figure 4.3) in this mutant. Hence, it is postulated that the supplementation of
IAA in combination with GA3 and EBR is not necessary for the above sal1
growth improvement and that the additive enhancement of sal1 rosette
growth by the combined treatment is likely through GA3 and EBR
supplementation only. Taking into account the interdependency of GA and
BR signalling in promoting growth (Bai et al., 2012), and that treatment with
GA3 and EBR individually did not significantly improve rosette growth of
sal1, it is likely that BR content, in addition to GAs, is also reduced in the sal1
mutant. The observation that there was no leaf distortion in sal1 treated with
EBR alone (Figure 4.6), suggests that it is indeed BR-deficient and the
supplementation most likely did not increase BR content to levels sufficient to
induce the same morphological changes as in wild-type.
Similar results were also obtained when hormones were supplemented
through MS medium, particularly when petiole length was quantified:
significant petiole elongation in wild-type was only observed after
supplementation with GA3 alone while treatment with all three hormones
was necessary to induce a similar petiole growth in the sal1 mutant (Figure
4.5B). In other words, unlike the sal1 mutant, all three hormones treatment
did not promote petiole elongation to at least the same extent as GA3 alone in
wild-type. Since sal1 has altered auxin perception and exogenous IAA has
been shown to inhibit leaf blade elongation (Keller et al., 2004), it is likely that
similar inhibitory effects could extend to inhibiting petiole elongation. This
has not been reported in the literature. Although the lack of petiole
elongation by IAA treatment in this thesis appears contradictory to the
reported slight enhancement in petiole elongation by exogenous auxin (NAA)
treatment (Sasidharan et al., 2014), it is worth noting that the effect of auxin
on plant growth is dependent on the type and concentration of auxin used
(Teale et al., 2006). Besides, while auxin and BRs were proposed to act
cooperatively in promoting petiole elongation in response to shade (Kozuka
et al., 2010), results from this thesis suggest that exogenous auxin and BRs
may have different regulatory roles on petiole growth in the light. Indeed,
BRs do regulate development in tandem with light signalling, at least for
hypocotyl growth (Keuskamp et al., 2011; Bai et al., 2012).
Interestingly, hypocotyl growth was affected differently from the petiole
growth by the hormone treatment on MS, where hypocotyl elongation was
significantly promoted when treated with EBR alone and all three hormones
together in both genotypes (Figure 4.5). This may reflect the fact that
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hormonal signalling pathways and responses in different tissues vary
significantly, which has been demonstrated in auxin and GA signalling (Sun,
2008; Bargmann et al., 2013). The extent of hypocotyl elongation in sal1 is
more drastic than wild-type after treatment with all three hormones in
combination. This is most likely due to BR deficiency in sal1, since similar
enhanced hypocotyl elongation relative to wild-type was also observed in the
BR-deficient mutant det2 when treated with both GA and BR together (Bai
et al., 2012). In comparison to the blank control, a slight but not significant
increase in hypocotyl length was observed in both genotypes under GA3
treatment. That said, the difference between treatment and control was more
pronounced in wild-type than sal1; most likely due to the dependency of GA3
signalling on EBR which may be decreased in sal1, as discussed earlier.
However, quantification of BR in sal1 is necessary to verify this hypothesis.
Although IAA treatment either had no effect or had caused very slight
decreases in hypocotyl length of both genotypes, the significance of this result
remains to be verified. There are discrepancies in published results on the
effect of IAA on hypocotyl growth: Collett et al. (2000) showed that prolonged
IAA treatment is inhibitory in a dosage-dependent manner, but this was in
direct conflict with the reported stimulation of hypocotyl growth by IAA
(Keuskamp et al., 2011).
Although the limited root growth by IAA treatment and distorted
orientation of root and shoot growth upon EBR treatment suggest that the
hormonal treatments were suboptimal (Figure 4.4, it is important to note that
the hormone concentrations used in this experiment were still within the
range used for treating Arabidopsis in the literature (Bai et al., 2012; Mei
et al., 2012; Nelson et al., 2009). Furthermore, the observations obtained in
this thesis were largely in line with the expected results, particularly in terms
of hypocotyl responses to GA3 and EBR treatments (Bai et al., 2012; Collett
et al., 2000; De Grauwe et al., 2005), while petiole length measurements after
hormonal treatments were rarely recorded in the literature. Taken together,
the results of the hormonal treatments on the PAP-accumulating sal1 mutant
indicate that PAP, directly or indirectly, is able to influence hormonal
homeostasis and responses to regulate rosette development. A key
implication of this is that chloroplast signals may intersect with hormonal
networks. This is considered in the next section.
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4.6.2 PAP could be a secondary messenger in hormonal
responses
Hormonal signalling and/or responses during seed germination and
dormancy regulation was also impacted by the high PAP accumulation in the
sal1 mutant. sal1 displays slower germination or increased dormancy when
compared to wild-type (Figure 4.8), which can be rescued by nutrient
supplementation and cold treatment (Figure 4.10). Consequently, this
germination phenotype of sal1 only becomes more apparent when
germinated under stringent dormancy test conditions with minimal
tampering of seed handling and germination conditions that can affect
germination rate, such as MS and vitamins supplementation, stratification
and potentially sterilisation (Finch-Savage et al., 2007) (compare Figure 4.8
and MS only in Figure 4.10). Similar (or maybe stronger) delayed germination
phenotype has also been reported by Xiong et al. (2001) in sal1 of C24 ecotype
background, and was proposed to be due to sal1 hypersensitivity towards
endogenous ABA levels. However, this thesis showed that the increased seed
dormancy of sal1 coincides with the higher ABA content measured in the
seeds and leaves of sal1 [Figures 4.9 and 4.3C; Rossel et al. (2006)].
Furthermore, if extrapolated, sal1 seeds may also have decreased GA content
as indicated by the reduced GA content quantified in leaf tissues (Figure 4.3B)
but proper quantification is needed to confirm this. Since ABA and GAs are
the two major plant hormones involved in regulating seed germination where
ABA promotes seed dormancy and therefore delays seed germination while
GAs promote seed germination, the delayed germination of sal1 is likely due
to its overall alterations in hormonal homeostasis.
Nevertheless, sal1 is indeed hyper-responsive to exogenous ABA and/or
PAC (an inhibitor of GA biosynthesis) under standard growth conditions
relative to wild-type, regardless of seed age [Figure 4.10 and Xiong et al.
(2001)]. This could either be a consequence of threshold/hormonal dosage
effects or a consequence of altered hormonal signalling and/or responses
induced by PAP over-accumulation, be it directly or indirectly. Since the
hyper-sensitivity of sal1 germination to ABA and PAC treatments can be
replicated by exogenous PAP feeding in combination with ABA and/or PAC
on wild-type Arabidopsis during germination, in a PAP dosage-dependent
manner (Figure 4.11), it is proposed that the altered hormonal responses
could be induced by PAP inhibition of XRNs (Figure 4.1 and Table 4.2 to Table
4.8). Moreover, higher PAP content was detected in wild-type seeds (Figure
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4.12) relative to their leaf tissues, implying its physiological role in regulating
seed dormancy through modulation of hormonal pathway(s). This could
provide another supporting evidence for our proposal of PAP intersecting
with ABA-mediated signalling during germination and stomatal closure
(Pornsiriwong et al., manuscript in preparation). In brief, PAP
over-accumulation in sal1 is able to restore the ABA responsiveness of ABA
insensitive mutants for stomatal closure as well as during germination
(Pornsiriwong, 2011). Additionally, it also improves the survival rate and
performance of ABA insensitive mutants under water limiting conditions.
Importantly, the ABA response restoration in the ABA signalling mutants by
PAP over-accumulation occurs through the inhibition of XRNs and restoration
of ABA-mediated transcriptional reprogramming (Pornsiriwong et al,
manuscript in preparation). Hence, evidence presented in this thesis and
elsewhere suggest that PAP could act as a secondary messenger in ABA and
potentially GA signalling. PAP is also likely to similarly act as a signal in
other hormonal networks based on transcriptional and hormonal profiling of
sal1 (Section 4.2 and Figure 4.3). While this is exciting, more solid and direct
evidence is needed to conclusively support this hypothesis.
Analyses of PAP effects and functions thus far reveal its characteristics that
satisfy several criteria for secondary messengers. First, PAP synthesis,
catabolism and action occur in different compartments of plant cells (Estavillo
et al., 2011; Chan et al., 2013), which allows for efficient regulation of PAP
action. Second, PAP levels can increase in response to stimuli, be it
environmental (Estavillo et al., 2011) or hormonal (Pornsiriwong et al,
manuscript in preparation). Third, its levels not only respond to hormones,
but the fluctuation in PAP content also actively impacts on hormonal
responses and/or homeostasis with significant physiological outcomes
(rosette development, seed dormancy) in multiple tissues. Fourth, PAP can
induce a response in vivo if levels are temporally manipulated exogenously or
endogenously (Figures 4.8 and 4.11). Finally, PAP levels are regulated by the
plant itself as part of the plant life cycle (Figure 4.13). These features define
PAP as a genuine secondary messenger in plant development and hormonal
responses. Interestingly, PAP shares some similarities to the long established
secondary messenger - ROS - in the sense that both are accumulated to trigger
stress responses during drought but over-accumulation of these molecules are
detrimental to plant growth (Cruz De Carvalho, 2008; Estavillo et al., 2011).
The role of PAP as a potential secondary messenger in hormonal
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responses is probably linked to its function as a chloroplast retrograde signal.
PAP catabolism by SAL1 during the vegetative growth phase occurs in
chloroplasts (Estavillo et al., 2011), which are also the site of biosynthesis of
the plant hormones regulated by PAP, namely ABA (Seo and Koshiba, 2011),
GAs (Sun, 2008) and JA (Rodríguez et al., 2010). Many of the drought stress
responses require alteration of hormonal homeostasis, signalling and
responses, for example to induce stomatal closure and adjust growth rate as
discussed in Chapter 1. Therefore, the coupling of the chloroplast stress
retrograde signalling by PAP to regulation of hormonal homeostasis and
responses presents fitness advantages to the plant. That PAP levels are
responsive to exogenous hormonal treatment in wild-type (Pornisiriwong et
al., manuscript in preparation) and, to a certain extent, in sal1 (Figure 4.7)
could strengthen the link between chloroplast retrograde signalling and
management of hormonal homeostasis. Interactions between retrograde
signals and hormonal homeostasis and/or signalling pathways have been
reported for methylerythritol cyclodophosphate (MEcPP)-SA (Xiao et al.,
2012) and β-cyclocitral (β-cyc)-JA (Laloi and Havaux, 2015). In addition, the
GUN pathway that involves another retrograde signal, MgProtoIX, in
mediating photosynthetic gene expression also proceeds via ABI4, a
transcription factor involved in ABA signalling (León et al., 2012). However,
these signal-hormone interactions appear to be restricted to individual
hormones. In contrast, PAP could represent the first chloroplast retrograde
signal identified that regulates multiple hormonal homeostasis and response
networks, and this deserves further investigation in the future.
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Chapter 5
Final Discussion
Drought stress is detrimental to plant growth and survival, and various plant
drought sensing, signalling and response mechanisms have been
characterised as detailed in Chapter 1. The Arabidopsis sal1 mutant has
improved drought tolerance when compared to wild-type, but at the same
time, possesses other pleiotropic altered developmental phenotypes (Wilson
et al., 2009). SAL1 is a phosphatase that mainly targets 3’-phosphoadenosine
5’-phosphate (PAP) (Estavillo et al., 2011). Many stress-responsive genes are
constitutively up-regulated in this mutant, which lead to altered
osmoprotectants, stomatal conductance, lower reactive oxygen species (ROS)
and elevated abscisic acid (ABA) (Xiong et al., 2001; Rossel et al., 2006; Wilson
et al., 2009; Estavillo et al., 2011). Further characterisation suggested the
improved drought tolerance of sal1 is likely due to the inhibition of 5’- 3’
EXORIBONUCLEASES (XRNs) activities by the over-accumulated PAP
(Estavillo et al., 2011). On the other hand, other pleiotropic altered
phenotypes of sal1 like delayed development and altered rosette morphology
were only individually, and not collectively, characterised. Therefore, this final
discussion will be focusing on 1) if it is possible to engineer plants with
improved drought tolerance with minimal negative effects on plant growth
and development, and 2) which plant hormones are involved in sal1
pleiotropic altered phenotypes.
5.1 Can we engineer drought tolerant,
developmentally wild-type Arabidopsis?
The research outcomes presented across the two result chapters in this thesis
(Chapters 3 and 4) consistently demonstrated that we can improve sal1 rosette
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development, either by temporarily complementing the expression of SAL1
(Figure 3.22) or by hormonal treatment (Figure 4.6), without compromising
the mutant’s drought tolerance (Figure 3.24). Both strategies eventually
resulted in partial reduction in PAP levels in the sal1 mutants, with more
drastic lowering of PAP levels observed for the transgenic approach
[Dexamethasone (Dex)-treated pOpONSAL1nosT] (Figure 3.23) than the
hormonal supplementation approach [spraying with GA3 and all three
hormones together (Figure 4.7)]. Nevertheless, the remaining PAP levels were
still much higher than that of wild-type under standard growth conditions,
which potentially allowed them to maintain their original drought tolerance
while having improved rosette growth. In other words, PAP dosage may
influence different pathways differently, since in the Dex-treated
pOpONSAL1nosT lines, PAP levels appeared to have distinctive effects on
drought tolerance and rosette growth (Figure 3.24). Therefore, these
observations could suggest that there is a threshold level of PAP that can
confer plants with improved drought tolerance when met, rather than in a
dosage-dependent manner.
Additionally, the development of various transgenic germplasm in this
study has allowed for a more detailed investigation in the correlation between
PAP and rosette morphology. The results across Chapters 3 and 4 on the
high-throughput phenotyping of rosette coupled with HPLC quantification of
PAP in leaf tissues are consolidated into Figure 5.1. While the plant rosette
size is not inversely proportional to PAP levels, PAP accumulation does seem
to restrain the potential of plant rosette growth, especially upon exceeding
50% of PAP levels present in sal1. This suggests that unlike drought tolerance,
PAP can influence rosette development in a dosage-dependent manner.
Interestingly, the restrictive effects of PAP accumulation on rosette
development can be alleviated by hormonal treatments like GA3 and
epibrassinolide (EBR) (red circles in Figure 5.1), suggesting that the altered
hormonal responses and homeostasis in sal1 are downstream of PAP
regulation. Hence, the PAP effect on rosette development is likely
hormone-dependent. However, whether the altered hormone levels detected
in the juvenile-to-adult sal1 mutant is the cause or consequence of its
developmental phenotypes remains a question. This may be resolved by
systematic quantification of hormonal levels in wild-type and sal1 throughout
various developmental stages, particularly prior to any observable changes in
growth/development of sal1 relative to wild-type. Further studies such as
time-point tissue sampling for transcriptomic and/or hormonal profiling of
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sal1 and exoribonuclease2-1 exoribonuclease3-3 (xrn2-1xrn3-3) after various
hormonal treatments, as well as that of wild-type plants after PAP treatment,
will provide molecular details on the mechanism behind PAP interaction with
hormonal homeostasis and signalling networks. Additionally, the library of
transgenic lines generated in this thesis will also be useful for titrating the
influence of PAP in plant biological function at the molecular level, such as
RNA metabolism, sulfur metabolism and hormonal homeostasis, as well as
their resulting effects at the physiological level.
Interestingly, different ways of interpreting the roles of PAP during
embryogenesis were suggested by Chapter 3 and Chapter 4. The incomplete
reversion in rosette morphology of the pOpONSAL1nosT despite regular Dex
treatment since germination may suggest that PAP accumulation during
embryogenesis can affect rosette growth later on in the life cycle, provided the
Dex-uptake by the transgenics were efficient as expected. Meanwhile, slight
increase in PAP levels (Figure 4.12) and decreased SAL1 protein abundance
(Pornsiriwong et al., manuscript in preparation) were observed in wild-type
dry seeds relative to its leaf samples. Furthermore, I hypothesised that PAP
can promote seed dormancy in plants by enhancing ABA signalling while
repressing GA signalling in seeds during germination (Figure 4.11). Thus,
there may be various physiological ranges of PAP levels necessary for
favourable embryogenesis and seed dormancy regulation to ensure the seed
viability while minimising the negative effects on plant rosette development
later on. Consequently, a time-course of PAP measurement during
embryogenesis may be necessary for testing the above hypothesis and to gain
better understanding on PAP biological function in seed development in
general.
5.2 Which plant hormones could be involved in
sal1 altered phenotypes?
A change in auxin, jasmonic acid (JA), ABA and GA levels quantified in the
sal1 mutant (Figure 4.3) revealed that they are the key hormones that could
be contributing to sal1 pleiotropic altered phenotypes. While ethylene and
BR levels were not quantified in this thesis, phenotyping of sal1 suggests that
signalling and potentially homeostasis of these two hormones may be altered
in sal1 as well [Figure 4.6, Robles et al. (2010); Chen and Xiong (2010)]. The
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Figure 5.1 – Correlation between plant rosette area and PAP content. Rosette
area of four-to-five-week-old Arabidopsis and their corresponding PAP levels
relative to sal1 mutant quantified in three different experiments across the two
result chapters of this thesis were used for this plot. Data from
embryogenesis-specific SAL1 complementation from section 3.3.3 are indicated as
blue diamonds, Dex-inducible SAL1 complementation from section 3.4.3 are
purple triangles and hormonal treatment of wild-type and sal1 mutant from
section 4.3 are indicated as grey squares.
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potential links between SAL1-PAP and the hormones mentioned above are
discussed below.
5.2.1 Brassinosteroids (BRs)
SAL1 is part of sulfur metabolism and failure to efficiently recycle PAP into
adenosine monophosphate (AMP) and inorganic phosphate in the absence of
functional SAL1 can result in product inhibition of SULFOTRANSFERASES
(SOTs) and decreased transport of the SOTs substrate 3’-phosphoadenosine
5’-phosphosulfate (PAPS) to the cytosol, impeding the sulfonation processes
in plants (Lee et al., 2012). Two out of the 22 SOTs (SOT12 and SOT15) have in
vitro activities against brassinosteroids (BRs) including EBR (Marsolais et al.,
2007; Hirschmann et al., 2014). Interestingly, knockouts of SOT12 are
stress-sensitive and hyper-responsive to ABA during germination (Baek et al.,
2010). Furthermore, SOT12 transcript is up-regulated 27-fold in the
PAP-accumulating altered expression of APX2 8 (alx8) (Estavillo et al., 2011),
similar to the up-regulation of PAP-inhibited SOT16-18 that process
glucosinolates (Lee et al., 2012). However, it remains unclear whether PAP
actually does impact on BR signalling and homeostasis via these two SOTs.
Although sulfonation of BRs has always been thought to inactivate BRs,
recently Sandhu and Neff (2013) demonstrated that overexpression and
knock-out of one of the two BR-targeting SOTs in Arabidopsis did not yield
any BR-related phenotypes.
5.2.2 Ethylene
It is known that sal1 displays insensitivity towards ethylene treatment (Kim
and von Arnim, 2009; Chen and Xiong, 2010), similar to that of xrn4. The
ethylene insensitivity of xrn4 has been characterised to be due to the
reduction in ETHYLENE-INSENSITIVE 3 (EIN3) protein expression, which is
likely due to the up-regulation of the EIN3 BINDING F-BOX PROTEIN (EBFs)
such as EBF1 and EBF2 based on transcriptional analysis (Potuschak et al.,
2006; Olmedo et al., 2006). Similar up-regulation in EBF1 and EBF2 transcript
was observed in sal1 (Table 4.6), which was also true for the xrn2xrn3 double
mutant. Therefore, it is possible that disruption in XRN2 and XRN3 activities
simultaneously can also result in the same EBFs transcriptional accumulation
and hence EIN3 repression as in the xrn4 mutant. Additionally, auxin
responsiveness is important for intact ethylene responsiveness (Thole et al.,
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2014). Therefore, sal1 compromised responsiveness to auxin could be
contributing to its ethylene insensitivity phenotype. Interestingly, Chen and
Xiong (2010) demonstrated that the xrn4 mutant also displays reduced
responsiveness to exogenous auxin treatment in promoting lateral root
growth, similar to that of the sal1 mutant. However, whether or not the
xrn2xrn3 double mutant also has altered auxin and/or ethylene perception or
responsiveness is still not clear. Thus, detailed characterisation of the auxin
responsiveness of xrn4 and probably the xrn2xrn3 double mutant may be
required to narrow down the source of ethylene insensitivity of sal1.
5.2.3 Auxin
As a consequence of having high PAP and PAPS levels due to the absence of
functional SAL1 protein, the homeostasis of sulfur assimilation pathways in
sal1 has also been shifted in comparison to wild-type plants. For example, the
sal1 mutant possesses internal sulfate-deficiency phenotypes, where it has less
sulfate content and its transcriptional profile for genes that participate in
sulfur assimilation pathway is similar to that of plants suffering from sulfate
deficiency (Lee et al., 2012). Sulfate deficiency can reduce plant sensitivity
towards auxin, since the auxin reporter DR5::GUS shows decreased response
to auxin under low sulfate (Dan et al., 2007). This could explain the two
contradictory phenotypes of sal1: having higher auxin content (Figure 4.3A)
but not presenting any of the phenotypes characteristic of increased auxin
levels such as epinastic cotyledon and leaves, long hypocotyl, elongated
petioles, increased apical dominance and short but hairy roots (Zhao et al.,
2001). In other words, the high amount of auxin is not perceived by the sal1
mutant, which agrees with two independent reports on the reduced
expression of the synthetic auxin reporter DR5-GUS in the sal1 mutant before
and after auxin treatment in comparison to wild-type (Robles et al., 2010;
Chen and Xiong, 2010). Therefore, the lower DR5::GUS activity reported for
sal1 is likely due to the lower internal sulfate resulting from PAP/PAPS
accumulation, in addition to inhibition of XRNs (Table 4.3). The higher auxin
content in the sal1 mutant is most likely a consequence of positive feedback
mechanism(s).
On the other hand, phosphate availability has also been demonstrated to
affect plants’ sensitivity towards auxin such that phosphate deprivation
promotes the expression of the auxin receptor TRANSPORT INHIBITOR
RESPONSE 1 (TIR1) to enhance auxin sensitivity of plants (Pérez-Torres et al.,
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2008). The sal1 mutant has local depletion of phosphate in roots independent
of XRNs inhibition (Hirsch et al., 2011) and transcript abundance of the auxin
receptor TIR1 was indeed significantly up-regulated in the alx8 array (Table
4.3). However, whether the higher transcript level was translated into higher
TIR1 protein abundance is not known and it does not compensate for the
reduced auxin sensitivity of the sal1 mutant.
5.2.4 Jasmonic acid (JA)
The accumulation of PAPS following PAP accumulation has been
demonstrated to be the main cause of higher JA content in sal1: the basal level
of JA production is induced when PAPS and PAP levels are higher; while JA
is reduced to wild-type level when PAPS and PAP accumulation are abolished
by crossing the sal1 mutant with the PAPS-deficient adenosine phosphosulfate
kinase (apk) mutants (Rodríguez et al., 2010). Furthermore, the transcription of
key JA biosynthetic genes such as OPR3, LOX1 and LOX2 as well as the key
JA signalling transcription activator MYC DOMAIN TRANSCRIPTION
FACTOR 2 (MYC2) are only significantly up-regulated in the alx8 array data
but not in the xrn2xrn3 double mutant array data (Table 4.8). Additionally,
Lee et al. (2012) found that the fatty acid oxygenation rate, which determines
the production rate of JA, was comparable between the xrn2xrn3xrn4 triple
mutants and wild-type but higher in the sal1 mutant. Therefore, the higher JA
content of sal1 is likely not due to the inhibition of XRNs by PAP but the
altered secondary sulfur metabolism. However, more work is required to
investigate how PAPS and/or PAP accumulation can promote JA production,
even though JA’s influence in sulfur metabolism has long been established
(Harada et al., 2000).
5.2.5 Abscisic acid (ABA)
Despite having low internal sulfate content, sal1 has similar cysteine levels as
wild-type in the shoot, but slightly higher cysteine levels in the root (Lee
et al., 2012). Cysteine availability can determine ABA biosynthesis (Cao et al.,
2014). Since ABA biosynthesis takes place in roots and vascular tissues, which
can be transported from root to shoot for function (Seo and Koshiba, 2011),
the high ABA levels detected in the sal1 mutant (Figure 4.3) may be initiated
by the slight increase in cysteine levels in the roots of sal1. Besides,
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glutathione levels of the sal1 mutant is also altered when compared to
wild-type, where lower glutathione was detected in sal1 shoot but higher
accumulation was found in roots (Lee et al., 2012). Wild-type Arabidopsis
supplied with exogenous glutathione accumulated higher ABA levels than
their non-treated counterparts (Chen et al., 2012). Meanwhile, depletion of
glutathione can sensitise plant responses to ABA and JA in stomatal closure
(Akter et al., 2012) and potentially to ABA during seed germination (Chen
et al., 2012). Therefore, the altered glutathione and cysteine levels in the sal1
mutant could be contributing to part of the sal1 mis-regulated ABA signalling
and metabolism. That said, PAP-XRNs signalling is clearly involved in this
regulation as well (Table 4.2 and Pornsiriwong et al, manuscript in
preparation).
The intimate link between PAP and ABA signalling is also demonstrated
by the necessity of ABA for sal1 to complete its lifecycle. The sal1 mutant
allele (fou8), when crossed with an ABA deficient mutant aba2-1 that contains
only 20-25% of wild-type ABA levels, could not survive past the two-week
stage of development Rodríguez et al. (2010). Interestingly, the fou8aba2
double mutant’s growth is much more inhibited compared to the individual
single mutants and wild-type control (Figure 5.2). This seems to contradict
the well-known role of ABA as a growth inhibitor apart from its role in
promoting seed dormancy and stress responses. LeNoble et al. (2004)
demonstrated that endogenous ABA plays an important role in maintaining
shoot development, specifically leaf expansion, under standard growth
conditions by suppressing ethylene synthesis and also through other
ethylene-independent pathways that are yet to be discovered. However, in
view of the ethylene insensitivity of sal1, the poorer rosette growth upon
reduction of ABA levels of fou8aba2 double mutant is likely through an
ethylene independent pathway. How PAP accumulation affects the regulation
of other hormones such as gibberellins (GAs) to result in this growth
retardation in the absence of ABA will be interesting to explore.
5.2.6 Gibberellins (GAs)
Apart from the complex relationship between ABA and ethylene, ABA has
also been long associated with GA signalling antagonistically in regulating
plant growth and development [reviewed in (Golldack et al., 2013)]. ABA can
inhibit the biosynthesis of GAs in seeds during germination (Toh et al., 2008)
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Figure 5.2 – Photos of wild-type, aba2, fou8aba2 double mutants and fou8. Image
adopted from Rodríguez et al. (2010).
while reduction in GA content stabilises the GA signalling repressor DELLA
that can subsequently promote the biosynthesis of ABA (Piskurewicz et al.,
2008). While the low GA content in sal1 (Figure 4.3B) correlates well with the
decrease in its biosynthetic genes’ transcriptional level (GA2, GA5, GA4)
(Table 4.7), it is not clear if the reduction in GA content is a cause or a
consequence of sal1 high ABA content. Nevertheless, this thesis demonstrates
that GA sensing and response mechanism may be impacted in the sal1 mutant
as treatment of sal1 with GA3 alone did not result in significant
growth-promoting effects, unless treated in combination with EBR (Figure 4.5,
Figure 4.6, and Figure 6.8) while the seed germination of sal1 is
hyper-responsive to paclobutrazol (PAC) treatment (Figure 4.10). The reduced
starting GA content of sal1 relative to wild-type could be the reason behind its
hypersensitivity to PAC treatment, where relatively more suppression in
germination is observed when its GA biosynthesis is repressed further by the
low concentration of PAC treatment, which otherwise may not have
significant impact on wild-type seed germination. Meanwhile, the
dependence of sal1 GA responses on the presence of EBR treatment provides
another evidence for sal1 being deficient in BR content, signalling and/or
perception since BRs are important for activating part of the GA signalling
pathway (Gallego-Bartolomé et al., 2012). Nevertheless, it is still necessary to
measure the BR level in sal1 to confirm if BR metabolism and signalling are
altered by PAP over-accumulation. Moreover, detailed hormonal
quantification on the exoribonuclease (xrn) mutants will also be useful in
dissecting which of the hormonal alterations in sal1 are resulting from XRNs
inhibition by PAP, as opposed to other PAP effects such as on sulfur
metabolism.
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5.2.7 A proposed integrated PAP-hormone mechanism
Ultimately, the pleiotropic altered phenotypes of sal1 are likely a
representation of the overall effects of a) altered sulfur metabolism that
increases the JA content and decreases auxin sensitivity, and b) inhibition of
XRNs activities that possibly alter auxin, ABA and GA biosynthesis and
responses, coupled with c) the multifaceted hormonal cross-talk between the
different plant hormones in combinations [summarised in Figure 5.3]. For
example, the lower GA content may be initiated by the inhibition of XRNs
activities that reduces the transcription of the GA biosynthetic genes.
Additionally, as discussed in Section 1.4.3, the GA biosynthetic genes are part
of auxin responsive genes while the auxin responsiveness can be also partially
reliant on GAs (Frigerio et al., 2006; Chapman et al., 2012). Therefore, the
altered signalling and perception of auxin in the sal1 mutant could also be
contributing to, and induced, by its reduced GA content. A reduction in GA
content generally stabilizes the presence of the DELLA proteins, which are
key repressors of GA signalling (Sun, 2008). Furthermore, high JA content
releases MYC2 from binding to the JA ZIM-DOMAIN FAMILY PROTEINS
(JAZs) and subsequently enables the activation of JA-responsive genes, which
include the DELLA proteins (Wild et al., 2012). Hence, it is deduced that there
should be relatively high DELLA protein accumulation in the sal1 mutant
compared to wild-type due to its high JA content and low GA content.
Interestingly, the DELLA proteins can physically interact with JAZs (Hou
et al., 2010), BRASSINAZOLE RESISTANT 1 (BZR1) (Gallego-Bartolomé et al.,
2012; Bai et al., 2012; Li et al., 2012) and PHYTOCHROME INTERACTING
FACTORs (PIFs) (de Lucas et al., 2008; Feng et al., 2008) transcription factors
to promote JA responses, inhibit BR responses and promote
photomorphogenesis respectively. When coupled with its ability to activate
ABA biosynthesis (Piskurewicz et al., 2008), DELLA stabilisation in sal1 could
be a contributor to its pleiotropic altered phenotypes such as hypersensitivity
to light (Kim and von Arnim, 2009), improved drought tolerance (Wilson
et al., 2009), altered rosette morphology and delayed development (Kim and
von Arnim, 2009; Wilson et al., 2009; Robles et al., 2010; Rodríguez et al.,
2010). Nonetheless, further work is required to at least quantify the amount of
DELLA proteins present in the sal1 mutant to support the above hypothesis
on how PAP accumulation can affect multiple hormone metabolism,
responses and/or signalling. Additionally, knocking out of functional DELLA
proteins in the sal1 mutant background may be necessary to demonstrate or
eliminate the involvement of DELLA proteins in integrating PAP-hormone
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signalling in sal1. Other experiments such as quantifying BRs and ethylene
levels in sal1 and crossing sal1 with relevant hormone mutants (impaired or
altered in BR, GA, ethylene accumulation, sensing and/or signalling) will also
provide clearer insights into the interaction between PAP and regulation of
hormonal pathways.
Figure 5.3 – Summary figure for PAP intersecting with hormones, development
and drought tolerance. See text for detailed description.
5.3 Conclusion
Constitutive over-accumulation of PAP, a chloroplast retrograde signal,
results in plants with increased drought tolerance but pleiotropic altered
phenotypes as demonstrated by the Arabidopsis sal1 mutant. These
multifaceted altered phenotypes of sal1 correlate with transcriptional changes
due to inhibition of XRNs by PAP, but the exact signalling pathways affected
are unclear. This thesis investigated the possibility of engineering
developmentally wild-type, drought tolerant plants by manipulating the
SAL1 gene; while unravelling the signalling pathway(s) contributing to sal1
altered development and drought tolerance. Using combinations of transgenic
approaches, the best strategy allowing for the manipulation of PAP levels
174 Final Discussion
through controlling SAL1 expression is inducible complementation of SAL1
in the sal1 mutant. This strategy enables a reduction in PAP levels sufficient
for promoting rosette growth while maintaining the drought tolerance in sal1.
I also showed that chloroplast signalling (SAL1-PAP-XRNs) is linked to plant
hormonal responses in regulating plant development and drought tolerance.
Specifically, this thesis focused on dissecting the interactions between PAP
and ABA, GAs and BRs homeostasis and response networks, which has
culminated in the discovery of a new function of PAP as a potential secondary
messenger in regulating multiple hormonal networks in plants. Taken
together, results in this thesis have revealed a previously unanticipated link
between chloroplast signals and hormonal networks with plant physiology
and drought tolerance.
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Figure 6.1 – Summary results of the sal1 revertants characterisation. A) Photos,
B) PAP levels and C) days of survival during drought of the sal1 mutant
(hightlighted in red box) and a few selected sal1 revertants with a range of
morphological reversions were characterised. Significant difference (p<0.05) is
denoted by the different letters above each bar while bars with same letters are
not significantly different from one another.
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Figure 6.2 – sal1 remained more drought tolerant than wild-type despite partial
reversions in rosette morphology when grown under very low light condition
(<50µE). Top panel in blue background and bottom panel in yellow showed
wild-type (WT) (left) and sal1 (right) grown under standard growth condition
( 120 µE) and very low light condition (<50µE) respectively. Plants under
well-watered and water-stressed treatments are indicated on the left most panel.
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Figure 6.3 – Confirmation of SAL1-targeting DNA fragment insertion into
pAgrikola vector. Summary information on primer design for PCR confirmation
of fragment insertion into pAgrikola is provided by the pAgrikola website
(address in blue). Colony PCR using the suggested primer mix (top panel) was
performed on 10 selected Agrobacterium colonies and all of them showed bands of
expected size when run on 1% agarose gel (bottom panel).
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Figure 6.4 – Sequence confirmation of the SAL1-targeting amiRNA339 and
amiRNA1002 precursors. PCR R©/GW/TOPO/ R©TA cloning entry vector
containing amiRNA339 and amiRNA1002 precursors respectively were
transformed into DH5α for amplification prior to sequencing. Sequencing result
showed expected sequence for both amiRNA339 and amiRNA1002 in all four
colonies sequenced.
180 Supplementary Data
Figure 6.5 – eFP Browser output using Developmental Map data source for
SAL1, LEC1, ABI3 and TZF6. The Electronic Fluorescent Pictograph (eFP)
Browser software was designed to summarise microarray data into picture
format, where the gene expression data were expressed using colour coding,
with keys for the colour scale used provided at the bottom left of each panel
showed here. See Winter et al. (2007) for details about eFP Browser.
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6.2 Supplementary data for Chapter 4
Table 6.1 – List of hormone-related gene ontology (GO) terms enriched in alx8
based on DAVID Functional Annotation Chart analysis. Lists of genes that are
significantly up-regulated and down-regulated in alx8 mutant relative to wild-type
control were input into DAVID separately. Details of analysis method used by
DAVID Functional Annotation Tool can be found in Huang et al. (2009). P-value and
FDR value of >0.05 are highlighted in red.
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Table 6.2 – List of hormone-related gene ontology (GO) terms enriched in alx8 based on
analysis through GORILLA and Plant GSEA. List of genes that are significantly
up-regulated and down-regulated in alx8 mutant relative to wild-type control were input into
GORILLA and PlantGSEA as a list (Up&Down) as well as in the form of two separate lists as
indicated. Details of analysis method used by GORILLA and Plant GSEA can be found in
Eden et al. (2009) and Yi et al. (2013) respectively.
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Figure 6.6 – bri1 mutant rosette phenotype relative to wild-type. This image
was obtained from Figure 2 of Caño Delgado et al. (2004).
Figure 6.7 – Photos of soil-grown Col-0 plants during hormonal treatment via spraying. Seeds were germinated on soil and grown for two weeks before
hormonal spraying commenced. Seedlings were either sprayed with 50µM of GA3, 50µM of indole-3-acetic acid (IAA), or 1µM of EBR individually, or all of
the three hormones together. Blank control contained 0.5% (v/v) ethanol, which was used to dissolve the commercially available hormones, and 0.1% (v/v)
Tween-20.
Figure 6.8 – Photos of soil-grown sal1 (fry1-6) during hormonal treatment via spraying. Seeds were germinated on soil and grown for two weeks before
hormonal spraying commenced. Seedlings were either sprayed with 50µM of GA3, 50µM of IAA, or 1µM of EBR individually, or all of the three hormones
together. Blank control contained 0.5% (v/v) ethanol, which was used to dissolve the commercially available hormones, and 0.1% (v/v) Tween-20.
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Glossary
1O2 singlet oxygen. 4
ψw relative water potential. 6, 8, 16, 17
2,4-D 2,4-dichlorophenoxyacetic acid. 26
4-MU 4-methylumbelliferone. 64
ABA abscisic acid. x, 11, 14, 15, 17, 18, 20, 24, 26, 37, 40, 41, 72, 127, 128, 130,
136, 137, 139, 141, 148, 150–153, 155, 156, 159–161, 163, 165, 167, 169–172,
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ABFs ABA-binding factors. 15
ABI3 ABSCISIC ACID INSENSITIVE 3. 102, 104, 105, 108, 118, 121
ABP1 auxin-binding protein 1. 27
ABRE ABA-responsive element. 15, 17
ADC ARGININE DECARBOXYLASE. 17
AGO Argonaute. 122, 125
alx8 altered expression of APX2 8. 80, 128, 136, 167, 169
amiRNA artificial microRNA. ix, 80, 95, 97–99, 101, 118–120, 122, 123
AMP adenosine monophosphate. ix, 40, 79, 167
aos allene oxidase synthase. 42
APK ADENOSINE PHOSPHOSULFATE KINASE. 39
apk adenosine phosphosulfate kinase. 41, 42, 169
APS adenosine phosphosulfate. 39, 41
187
188 Glossary
APX ascorbate peroxidase. 18
ARE antioxidant response element. 19
AREB ABRE-binding proteins. 15
ARF auxin response factor. 27, 35
ATHK1 Arabidopsis thaliana histidine kinase 1. 9, 10
ATP adenosine triphosphate. 3, 39
AuxRE auxin-responsive element. 27
BAK1 BRI1-ASSOCIATED RECEPTOR KINASE 1. 29
BES1 BRI1-EMS SUPPRESSOR 1. 29, 30
BIN2 BRASSINOSTEROID INSENSITIVE 2. 29
BKI1 BRI1 KINASE INHIBITOR 1. 29
BKK1 BAK1-LIKE KINASE 1. 29
BL brassinolides. 28, 29, 46
BR6ox BR-6-oxidases. 28
BRI1 BRASSINOSTEROID INSENSITIVE 1. 29
BRs brassinosteroids. x, 2, 28–31, 34–36, 39, 67, 128, 132, 139, 141, 153, 155,
157, 167, 171, 173, 174
BSK1 BR-SIGNALLING KINASE 1. 29
BSU1 BRI1 SUPPRESSOR 1. 29
BZR1 BRASSINAZOLE RESISTANT 1. 29, 30, 36, 172
Ca2+ Calcium ions. 10–13, 20
CAA chloroacetaldehyde. 70, 71
CAT catalase. 18
CDPK Calcium-dependent protein kinase. 13
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CIP Alkaline Phosphatase, Calf Intestinal. 54
CLV CLAVATA. 25
CMV cucumber mosaic virus. 123
CO2 carbon dioxide. 3, 4, 6
COI1 CORONATINE INSENSITIVE 1. 36
CPS ENT-COPALYL DIPHOSPHATE SYNTHASE. 32
CTAB Cetyltrimethyl Ammonium Bromide. 64, 65
β-cyc β-cyclocitral. 4, 161
DCL DICER-LIKE. 80, 98, 122, 125
Dex Dexamethasone. xii, xiii, 66–68, 81, 82, 84, 86–88, 91, 92, 94, 110–115,
118–122, 164, 165
DGK diacylglycerol kinase. 11
DNA deoxyribonucleic acid. 7, 17, 34
DRE dehydration-responsive element. 15
DREB DRE-binding proteins. 15
dsRNA double-stranded RNA. 99, 122, 123, 125
DTT dithiothreitol. 64, 73, 75
DWF4 dwarf 4. 28
EBFs EIN3 BINDING F-BOX PROTEIN. 167
EBR epibrassinolide. xviii, 67, 141, 143–147, 155–158, 164, 167, 171, 184, 185
eFP Electronic Fluorescent Pictograph. 102, 103, 153, 180
EIN3 ETHYLENE-INSENSITIVE 3. 167
ER endoplasmic reticulum. 11, 29, 32
ETC electron transport chain. 3, 4
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Fd ferrodoxin. 3
GA20ox GA-20-OXIDASE. 32, 35
GA2ox GA-2-OXIDASE. 32, 35
GA3ox GA-3-OXIDASE. 32
GAMTs GA METHYLTRANSFERASES. 32
GAPC2 GLYCERALDEHYDE-3-PHOSPHATE DEHYDROGENASE C2
(AT1G13440). 74, 75
GAs gibberellins. x, 2, 30, 32, 34–37, 46, 67, 128, 135, 139–141, 148, 155, 157,
159, 161, 170, 172, 174
GGPP trans-geranylgeranyl diphosphate. 30, 32
GID1 GA-INSENSITIVE DWARF 1. 32
GID2 GA-INSENSITIVE DWARF 2. 32
GO gene ontology. 136
GPX glutathione peroxidase. 18
GR glutathione reductase. 18
GST glutathione-S-transferase. 18
GUS β-glucuronidase. xvii, 81, 82, 86–89, 92, 102
H2O2 hydrogen peroxide. 4, 12
HEN1 HUA ENHANCER 1. 125
HK histidine kinase. 9
HOG1 HIGH OSMOLARITY GLYCEROL 1. 9, 12
HPLC High Performance Liquid Chromatography. 70, 83, 93, 96, 97, 100, 108,
113, 116
hpRNAi hair-pin RNA interference. ix, 80–82, 86–88, 91, 92, 94, 95, 99, 101,
118–120, 122–124
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HY5 LONG HYPOCOTYL 5. 42
hy5 long hypocotyl 5. 42
HYL1 HYPONASTIC LEAVES 1. 125
IAA indole-3-acetic acid. xviii, 25, 67, 141, 143–147, 155–158, 184, 185
IP3 inositol 1,4,5-trisphosphate. 11
JA jasmonic acid. x, 16, 36, 37, 42, 44, 46, 127, 128, 135, 137, 139, 141, 142, 153,
155, 156, 161, 165, 169, 170, 172
JAZs JA ZIM-DOMAIN FAMILY PROTEINS. 36, 172
KAO ENT-KAURENOIC ACID OXIDASE. 32
KO ENT-KAURENE OXIDASE. 32
KS ENT-KAURENE SYNTHASE. 32
LB lysogeny broth (also known as Luria-Bertani medium). 50, 60, 61, 63
LEC1 LEAFY COTYLEDON 1. 102, 104, 105, 108, 118, 121
LRR RLK leucine-rich repeat receptor -like kinase. 29
MAPK mitogen-activated protein kinase. 9, 12, 13
MAPKK MAPK kinases. 12
MAPKKK MAPK kinase kinases. 12
MEcPP methylerythritol cyclodophosphate. 161
MIGS microRNA-induced gene silencing. 80
miRNA microRNA. 80, 95, 98, 121–123, 125
mRNA messenger RNA. 122, 125
MS Murashige and Skoog (GibcoBRL, MD USA). 50, 62, 66–68, 70, 143, 144
MUG 4-methylumbelliferyl β-D-glucuronide hydrate. 64
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MYC2 MYC DOMAIN TRANSCRIPTION FACTOR 2. 16, 36, 169, 172
NAA 1-naphthaleneacetic acid. 26
NADPH nicotinamide adenine dinucleotide phosphate. 3
NCED 9-cis-epoxycarotenoid dioxygenase. 14
NDPK NUCLEOTIDE DIPHOSPHATE KINASE (Insert identifier). 45, 46
NEB New England BioLabs. 51, 53, 54, 56, 65
nosT nopaline synthase terminator. 104–106, 108, 110–115, 120, 121
O2 oxygen. 4, 6
O2− superoxide. 4
OH• hydroxyl radical. 4
Pi inorganic phosphate. 40
PA phosphatidic acid. 11
PAC paclobutrazol. x, 139, 140, 148, 150–152, 155, 159, 171
PAP 3’-phosphoadenosine 5’-phosphate. ix, x, xiii, xix, 1, 2, 40, 42, 45–47, 70,
71, 79, 80, 82, 91, 94, 96, 97, 99, 100, 104, 106, 108, 112–114, 118–121, 123,
124, 127, 128, 139, 140, 145, 147, 152–156, 158–161, 163–174
PAPS 3’-phosphoadenosine 5’-phosphosulfate. ix, 39, 42, 167–169
PARP-1 polyADP-ribose polymerase 1 (Insert identifier). 46
PC plastocyanin. 3
PCR polymerase chain reaction. xii, 51, 53–58, 61, 65, 94, 97, 104, 105, 110
PDS PHYTOENE DESATURASE. 81, 99, 101, 124
PHYB PHYTOCHROME B. 42
phyb phytochorme b. 42
PIFs PHYTOCHROME INTERACTING FACTORs. 172
Glossary 193
PIN Pin-formed. 26, 35
PIP2 phosphatidylinositol-4,5-bisphosphate. 11
PLC phospholipase C. 11
PLD phospholipase D. 11
PMRD Plant microRNA database. 121
Pol II DNA-dependent RNA polymerase II. 122, 125
PP2A protein phosphatase 2A. 29
PP2AA3 PROTEIN PHOSPHATASE 2A SUBUNIT A3 (AT1G13320). 74, 75
PP2Cs Protein Phosphatase 2Cs. 14
PQ plastoquinone. 3
PTGS Post Transcriptional Gene Silencing. 99
PVDF polyvinlyidene fluoride. 76
PYL PYR1-LIKE. 14
PYR1 PYRABACTIN RESISTANCE 1. 14
qRT-PCR quantitative reverse transcription polymerase chain reaction. 88, 92,
93, 96, 100
RCAR REGULATORY COMPONENTS OF ABA RECEPTORS. 14
RdDM RNA-directed DNA methylation. 122, 124, 125
RdRp RNA-dependent RNA polymerase. 99, 122, 123, 125
REC receiver. 9
redox reduction and oxidation. 18
RGL3 REPRESSOR OF GA1-3-LIKE 3. 36
RISCs RNA-induced silencing complexes. 80, 98, 125
RLKs receptor-like kinases. 10
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RNA ribonucleic acid. 17, 45
ROS reactive oxygen species. 4, 6, 12, 15, 17–19, 39, 163
RR response regulator. 9
rSAL1 recombinant SAL1. 76
SA salicylic acid. 39, 136, 161
SCF SKP1, CULLIN, F-BOX. 26, 32, 36
SERK1 SOMATIC EMBRYOGENESIS RECEPTOR KINASE 1. 29
SHK Sensor Histidine Kinase. 9
siRNA small interfering RNA. 80, 95, 122, 123, 125
SLY1 SLEEPY 1. 32
SnRK2 SNF1-related protein kinase 2. 14
SOD SUPEROXIDE DISMUTASE. 4, 18
SOTs SULPHOTRANSFERASES. ix, 39, 45, 167
S-PTGS sense transgene-mediated PTGS. 123, 124
TCA Trichloroacetic acid. 75
TGS Transcriptional Gene Silencing. 122, 125
TIR1 TRANSPORT INHIBITOR RESPONSE 1. 26, 168, 169
TMK transmembrane kinase. 27
Trp tryptophan. 26
TZF6 Tandem CCCH Zinc Finger Protein 6. 102, 104–106, 108, 118, 121
VIGS virus-induced gene-silencing. 80
WMD Web MicroRNA Designer. 97
WUS WUSCHEL. 25
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X-gluc 5-bromo-4-chloro-3-indoyl-β-D-glucuronide. 63
xrn exoribonuclease. 123, 171
xrn2-1xrn3-3 exoribonuclease2 exoribonuclease3 (Double mutant of both the nuclear
5’-3’ exoribonucleases). 45, 128, 136, 156, 165
XRNs 5’- 3’ EXORIBONUCLEASES. ix, x, 45, 79, 123, 128, 140, 156, 159, 160,
163, 168–174
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